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This thesis reports the application of mesoporous materials in improving the 
sensitivity of semiconductor metal oxide gas sensors as well as the investigation of the 
mechanism of the improved sensing properties due to mesoporous materials. A new 
method has been found to introduce mesoporous material into the semiconductor oxide 
gas sensing system. Nano-SnO2/SBA-15 composites were synthesized using SBA-15 as 
the sensor support either by chemical mixing or CVD method, and the sensors made from 
SnO2/SBA-15 composites displayed greater enhancement in gas sensitivities than those of 
mechanical mixture. The XPS, O2-TPD and TPR results reveal that an increase of the 
amount of surface adsorbed oxygen played an important role in increasing the sensitivity 
of such composite gas sensing system. 
Comparing the sensing properties of SnO2 synthesized on different silica supports 
(such as MCM-41, SBA-15, zeolite-Y and SiO2 particles) by chemical mixing, it was 
found that the sensitivities of different composite gas sensors to H2 and CO varied with 
the amount of surface adsorbed oxygen which was influenced by the specific surface area 
of the support, suggesting that the morphology of the support is important in determining 
the sensing properties of such composite gas sensors. These results were also verified by 
comparing the different sensing properties of non-silica supports, such as SnO2/α-Al2O3 
and SnO2/γ-Al2O3 composite sensors. 
In order to check the validity of the preparation method for other type of 
semiconductor oxide gas sensor, MCM-41 modified In2O3 gas sensors were prepared by 
mechanically or chemically mixing In2O3 with mesoporous MCM-41, and it was observed 
 ii 
that both mechanically-mixed and chemically-mixed In2O3/MCM-41 composite gas 
sensors showed increased sensitivities to H2 and CO as compared to those of pure In2O3 
sensor, but the sensitivities of chemical mixtures were much higher than those of 
mechanical mixtures. The results prove that chemical mixing method is also effective in 
improving the sensitivities of other kind of semiconductor oxide. The catalytic properties 
of In2O3/MCM-41 composites for H2 and CO oxidation were performed to understand 
whether catalysis helps to improve sensitivity. However, there seems to be some but not 
so clear correlation between the sensitivity and catalysis in such composite gas sensor 
system consisting of semiconductor oxide modified by mesoporous material, possibly due 
to the overloading of In2O3 (around 40wt%) on MCM-41.  
In order to study the catalytic properties of semiconductor oxide gas sensor in the 
presence of mesoporous material and improve the sensing properties further, a new 
rhodium precursor, which has been found to be able to tremendously increase the 
sensitivity and selectivity to H2, was grafted onto SBA-15, resulting in SnO2/Rh/SBA-15 
sensor which showed much higher sensitivities and selectivities to H2 due to the catalytic 
contribution of rhodium to the gas sensitivity. 
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Chapter 1. Introduction 
The atmospheric air we live in contains numerous kinds of chemical species, natural 
and artificial, some of which are vital to our life while many others are harmful more or 
less. Fig. 1.1 illustrates the concentration levels of typical gas components concerned. The 
vital gas such as O2 and humidity should be kept at adequate levels while hazardous gases 
should be controlled to be under the designated levels.  Among different kinds of 
monitoring methods, semiconductor-based sensors are being used for many applications 
due to their low price, robustness, and simple measurement electronics. 
 
Fig. 1.1 Concentration levels of typical gas components concerned. 
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Semiconductor gas sensors are solid-state sensors whose sensing component is made 
up of mostly semiconductor metal oxide. Materials such as tin oxide (SnO2), zinc oxide 
(ZnO), titanium oxide (TiO2) and tungsten oxide (WO3) have been used by most 
researchers. The report on a ZnO-based thin film gas sensor by Seiyama et al. in 1962 
gave rise to unprecedented development and commercialization of a host of 
semiconducting oxide for the detection of a variety of gases over a wide range of 
composition. The astounding increase in the use of sensors to detect gases in modern 
society has led to the development of many different types of gas sensors, incorporating 
technologies from different disciplines of science. Using gas sensors to measure a large 
variety of trace gases has become increasingly important in various fields of applications 
in our modern industrial world, e.g. process control, automotive applications and 
environmental monitoring.  
Sensors are devices that convert physical or chemical quantities into electrical signals 
that are convenient to be detected. A gas sensor must possess at least two functions: to 
recognize a particular gas and to transduce the gas recognition into a measurable sensing 
signals. The gas recognition is carried out through surface chemical processes due to gas–
solid interactions. These interactions may be of the form of adsorption, or chemical 
reactions. The transducer function of a gas sensor is dependent on the sensor material 
itself. The transduction modes employed are due to the change of thermal, mass, electrical 
or optical properties. However, most gas sensors give an electrical output, measuring the 
change of resistance or capacitance. 
Compared to the organic (β-napthol, phenanthrene, polyimide, etc) and elemental or 
compound (Si, Ge, GaAs, GaP, etc) semiconductors, metal oxide counterparts have been 
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more successfully employed as sensing devices for the detection and metering of a host of 
gases such as CO, H2, H2O, NH3, SOx, NOx, etc., with varying degree of commercial 
success. Using metal oxides has several advantages, such as simplicity in device structure, 
low cost for fabrication, robustness in practical applications, and adaptability to a wide 
variety of reductive or oxidative gases. 
Over the past 20 years, a great deal of research effort has been directed toward the 
development of small dimensional gas sensing devices for practical applications ranging 
from toxic gas detection to manufacturing process monitoring. With the increasing 
demand for better gas sensors or higher sensitivity and greater selectivity, intense efforts 
are being made to find more suitable materials with the required surface and bulk 
properties for use in gas sensors. Among the gaseous species to be observed are nitric 
oxide (NO), nitrogen dioxide (NO2), carbon monoxide (CO), carbon dioxide (CO2), 
hydrogen sulfide (H2S), sulfur dioxide (SO2), ozone (O3), ammonia (NH3), and organic 
gases such as methane (CH4), propane (C3H8), liquid petroleum gas (LPG), and many 
others. Most important is once a gas sensor is developed to meet a strong demand from 
our society, a prosperous new market would be created. So it is indicated that our goal of 
the sensor development is still far away. 
The importance of chemical sensors has been recognized generally and active efforts 
are now being stimulated towards basic research and practical application of chemical 
sensors. As is well known, chemical sensors have already been applied successfully in 
various fields and they have without a doubt become key requisites in modern high-
technological society. Needless to say, while the expectations of society with regard to 
chemical sensors are great, in reality chemical sensors have not yet met all these 
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expectations. Further progress in basic research and applied technology on chemical 
sensors are thus eagerly awaited.  
Currently, innovative research and development looking towards the 21st century is 
being conducted on functional materials such as high temperature super-conductors and in 
the fields of microelectronics including optoelectronics, biotechnology, and so on. It is 
hoped that together with progress in these areas many great innovations in the field of 
chemical sensors will also be made. One method to improve the sensing properties is by 
modifying metal oxide by mesoporous materials. 
In 1992, scientists at Mobil Oil Corporation announced the direct synthesis of the first 
broad family of mesoporous templated silicates, the Mobil composite of matter (MCM), 
based on a liquid- crystal templating mechanism. Following this method highly porous 
solids with pores ~2nm and surface areas reaching ~1000 m2/g were prepared. Certainly, 
the discovery of these MCM materials has been a breakthrough in materials engineering 
and since then there has been impressive progress in the development of many new 
mesoporous solids based on a similar mechanism of templating. Depending on the 
synthesis conditions and the silica source or the type of surfactant used, many other 
mesoporous materials (HMS, MSU, KIT, SBA) can be synthesized with different 
properties compared with those of MCM. All the large-pore materials discovered recently 
have attracted much attention from the industry as potential substrates in catalysts, 
molecular sieves, and as electrodes in solid state ionic devices. 
It has been found recently that, when SnO2-based gas sensors were prepared by 
mechanically mixing SnO2 with mesoporous MCM-41, the sensitivity and selectivity of 
MCM-41 modified SnO2 sensors to H2 have been improved tremendously. However it is 
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well known that mechanical mixing generally can not provide a homogenous dispersion of 
metal oxide among mesoporous material.  Therefore it is of great interest to explore other 
mixing method to improve the dispersion of semiconductor oxide on mesoporous material 
in order to significantly improve the sensing properties of semiconductor oxide sensor. 
The overall objective of this research is to find a more effective way to apply 
mesoporous materials as the sensor support for semiconductor oxide gas sensor in order 
to improve the sensitivity of these composite sensors. Besides this main objective, it is 
also important to understand the sensing mechanism of semiconductor oxide in the 
presence of mesoporous material as it is essential to develop a clear strategy to optimize 
the performance of these composite gas sensors.  
 
Therefore, the main results of this thesis are presented as follows: 
1. Chemical mixing and chemical vapour deposition (CVD) methods have been 
successfully applied to mix SnO2 with mesoporous silica material, resulting in a 
tremendous improvement in sensitivity to H2 and CO. These results, which are 
presented in Chapters 4 and 5, show the effectiveness of synthesizing 
semiconductor oxide on mesoporous support in improving sensitivity. The N2 
isotherms, O2-TPD, TPR and XPS results reveal, for the first time, that the 
increase of the amount of surface adsorbed oxygen plays an important role in 
increasing the sensitivity of such composite gas sensing system. 
2. A variety silica and non-silica materials, which have been selected as sensor 
supports, were then chemically mixed with SnO2 to find the effect of these sensor 
supports on the sensing properties. A comparison of the difference in sensing 
properties among different types of composite gas sensors reveals the importance 
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of surface-adsorbed-oxygen enhancing mechanism and the morphology of 
supports in improving the sensing properties of these composite gas sensors. 
These results have been presented in Chapter 6 and 7. 
3. To check the validity of the preparation method for other type of semiconductor 
oxide, Chapter 8 reports the preparation of mesoporous silica material (MCM-41) 
modified In2O3 gas sensors by mechanically or chemically mixing In2O3 with 
MCM-41. Furthermore, catalytic oxidation of H2 and CO were performed on 
these In2O3/MCM-41 composite sensors in order to understand the effect of 
catalysis on sensing mechanism. However, there is no obvious correlation 
between sensitivity and catalytic ability in such In2O3/MCM-41 composite sensor 
system, possibly due to the overloading of In2O3 on MCM-41. 
4. Chapter 9 reports the effect of catalysis in significantly improving the sensitivity 
of composite gas sensors, using rhodium complex as a new noble metal precursor 
grafted on the mesoporous material as a ternary sensing system (metal oxide-
noble metal-mesoporous material). 
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Chapter 2. Literature review 
 
2.1 Introduction of semiconductor metal oxide gas sensor 
The report on a ZnO-based thin film gas sensor by Sieyama et al. in 1962 [1], gave 
rise to unprecedented development and commercialization of a host of semiconducting 
oxides, for the detection of a variety of gases over a wide range of composition. 
Simultaneous efforts were also made to improve the selectivity, sensitivity, and response 
characteristics [2-6]. 
2.1.1 Sensing mechanism of metal oxide gas sensor 
The working principle of the sensor devised by Sieyama et al [1] is believed to be 
based the idea that, besides by the reaction with oxygen, the surface and grain boundary 
resistance of the oxide is controlled by the adsorption of the gaseous species. The 
extraction or injection of electrons by surface acceptors or surface donors, respectively, is 
connected with the generation or variation of a space charge. The electron concentration 
near the semiconductor surface varies with the density and occupancy of surface acceptors 
or donors. In a gas sensor this density of surface states depends on surface reaction with 
gases.  
In the absence of any humidity and the presence of oxygen (e.g., in synthetic air), 
oxygen is ionosorbed on the metal oxide surface. The ionosorbed species act as electron 
acceptors due to their relative energetic position with respect to the Fermi level EF (Figure 
2.1). Depending on the temperature, oxygen is ionosorbed on the surface predominantly as 
O2− ions below 420 K or as O− ions between 420 and 670 K which is the general operating 
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temperature range for gas sensor. Above 670 K, the parallel formation of O2− occurs, 
which is then directly incorporated into the lattice above 870 K [5]. The required electrons 
for this process originating from donor sites, that is, intrinsic oxygen vacancies, are 
extracted from the conduction band EC and are trapped at the surface, leading to an 
electron-depleted surface region, the so-called space-charge layer Λair [7–10]. The 
maximum surface coverage of about 10−3 to 10−2 cm−1 ions is dictated by the Weisz 
limitation, which describes the equilibrium between the Fermi level and the energy of 
surface-adsorbed sites [11].  
 
Figure 2.1 Simplified model illustrating band bending in a wide band gap semiconductor 
after chemisorption of ionosorption of oxygen on surface sites. EC, EV, and EF denote the 
energy of the conduction band, valence band, and the Fermi level, respectively, while Λair 
denotes the thickness of the space-charge layer, and eVsurface the potential barrier. The 
conducting electrons are represented by e- and + represents the donor sites (adapted from 
Ref. [12]). 
 
The presence of the negative surface charge leads to band bending (Figure 2.1), which 
generates a surface potential barrier eVsurface of 0.5 to 1.0 eV. The height (eVsurface) and 
depth (Λair) of the band bending depend on the surface charge, which is determined by the 
eVsurface 
e– e– e– e–e–
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amount and type of adsorbed oxygen. At the same time, Λair depends on the Debye length 








where kB is Boltzmann’s constant, ε the dielectric constant, ε0 the permittivity of free 
space, T the operating temperature, e the electron charge, and nd the carrier concentration, 
which corresponds to the donor concentration assuming full ionization. As an example, LD 
for SnO2 at 523 K is about 3 nm, with ε=13.5, ε0=8.85×10−12 Fm−1, and nd=3.6× 1024 m−3 
[13]. This situation describes the idealized case where humidity is not involved in the 
surface chemistry. However, any real system under ambient conditions is under the 
influence of water-forming hydroxyl groups, which may affect the sensor performance.  
In polycrystalline sensing materials, electronic conductivity occurs along percolation paths 
via grain-to-grain contacts and therefore depends on the value of eVsurface of the adjacent 
grains. eVsurface represents the Schottky barrier. The conductance G of the sensing material 







Reducing gases, such as CO, react with the ionosorbed oxygen species via the 
formation of unidentately and/or identately bound carbonate groups and desorb finally as 
CO2 [15]. Thus, even traces of reducing gas decrease the amount of adsorbed oxygen 
significantly and the surface trapped electrons are released back to the bulk. As a 
consequence, the height of the Schottky barrier is reduced, which results in an increase of 
the conductance of the whole sensing layer (Figure 2.2). 
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Figure 2.2 Structural and band model showing the role of inter granular contact regions in 
determining the conductance over a polycrystalline metal oxide semiconductor: a) initial 
state, and b) effect of CO on Λair and eVsurface for large grains (adapted from Ref. [16]). 
 
According to Bârsan and Weimar [12], a power-law dependence of the conductance on 
the partial pressure of CO [PCO] is given as G≈[PCO]n, where n depends on the 
morphology of the sensing layer and on the actual bulk properties of the sensing material. 
In contrast, oxidizing gases (such as NO2 or O3) may occupy additional surface states. 
Hence, further electrons are extracted from the semiconductor, leading to an increase of 
the space-charge layer and the height of the Schottky barrier, respectively. Thus, the 
adsorption of oxidizing gases leads to a decreased conductance of the sensing layer. 
Semiconductor sensor materials are thus classified as n or p type based on the 
resistance changes to decreasing partial pressure of oxygen or to reactive gases in fixed 
partial pressures of oxygen. As in other semiconductor materials, solid state doping can 
set a metal oxide to n or p type, as desired, although many materials predictably switch 
behavior from n type to p type with increasing partial pressures of oxygen. However, 
many p-type oxides, on the other hand, are relatively unstable because of the tendency to 
exchange lattice oxygen easily with the air [20]. 
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Other mechanisms affecting resistance changes in the semiconductor are adsorption of 
ions other than oxygen at the surface, changes in ambient humidity, or water formed by 
combining with adsorbed oxygen [6]. These last two related mechanisms are the 
underlying principles for the development of several metal oxide-based humidity sensors. 
2.1.2 Adsorption of oxygen 
For the oxides, the overall surface stoichiometry has a decisive influence on the 
surface conductivity. Oxygen vacancies act as donors increasing the surface conductivity, 
whereas adsorbed oxygen ions act as surface acceptors, binding electrons and diminishing 
the surface conductivity. There are various species of oxygen relevant to surface reactions. 
The energy difference between adsorbed O-- ( −−adsO ) and O
-- bounded to a lattice site ( −−latO ) 
is estimated to be about 2000KJ/mol or 20eV, between ½ O2gas and ½ −gasO2 to about 
140KJ/mol or 1.5 eV [20]. At room temperature the equilibrium of the −gasO2  coverage 
with gaseous O2 is approached slowly, although the reaction is exothermic. On SnO2 films 
the reaction −gasO2  + e
- = 2 −adsO  takes place with increasing temperature as concluded from 
EPR studies [17, 18]. Above approximately 450K −adsO  ions are found as the prevailing 
species. Similar conclusions were drawn for ZnO from Hall Effect observations [19]. At 
constant oxygen coverage the transition causes an increase in surface charge density with 
corresponding variations of band bending and surface conductivity. From conductance 
measurements it is concluded that the transition takes place slowly. Therefore, a fast 
temperature change of sensors is usually followed by a creeping of the conductance. The 
oxygen coverage is adjusting to a new equilibrium and the adsorbed oxygen can turn into 
another species. 
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The reactivity of −adsO  is high and exceeds that of O2ad. But the coverage by negatively 
charged species is limited to 10-2-10-3 by band bending due to the space charge layer. −2adsO  
should not be stable since it does not react immediately or it would be trapped by an 
oxygen and stabilized by the Madelung potential of the lattice. With respect to oxidation 
reaction the adsorbed −2O  and O
- species are classified as “electrophilic” reactants which 
preferentially attack the C-C bond abstracting electrons, whereas the “nucleophilic” O-- 
ions bound within the lattice at the surface react with activated hydrogen or hydrocarbon 
molecules [20].  
Surface vacancies are produced by heating in vacuum, by chemical reduction or by 
photolysis with band gap light. The adsorbed oxygen species come not only from the gas 
phase, but can also emerge from lattice sites. This process can be understood as an 
intermediate step in the thermal decomposition of the oxide. It must be assumed a certain 
“coexistence” of vacancies and adsorbed species. This also means some compensation of 
surface donors and acceptors. It has been found that after photolysis on clean cleaved 
surface of ZnO crystals, the vacancies are not filled again by ambient oxygen gas at room 
temperature [21]. The surface conductivity decreases only by compensation of the donors 
with adsorbed acceptors. High temperature and sufficient oxygen pressure are required for 
restoration of the lattice at the surface [20]. 
In the oxide layer of gas sensors, oxygen vacancies may also be induced by the 
oxidation of reducing gases. At the operating temperature no fast healing process takes 
place, only increased oxygen chemisorption due to the higher charge density [20]. In this 
way, the surface of the oxide is modified by an increased donor concentration at the 
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surface being compensated by ionosorbed oxygen. This process may be responsible for 
some drift phenomena of gas sensors. 
2.1.3 Sensing properties 
Fig 2.3 illustrates a typical transient response of an n-type gas sensor. When a 
reducing gas to be detected is introduced into the n-type sensing system, the electrical 
resistance of the gas sensor decreases and then becomes stable at a lower resistance. The 
major parameters used to describe this phenomenon are generally related to: sensitivity, 
selectivity and response time.  
 
Figure 2.3 A typical transient response of an n-type gas sensor to the reducing gas. 
 
Sensitivity of a gas sensor is a measure of the ability of the sensor to vary its sensing 
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time 
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Selectivity is the ability of the sensor to respond to a certain gas among other gases. 
Response time measures how long it will take for a gas sensor to change from initial state 
to the new state when the detected gas is introduced. For an ideal gas sensor, it should 
have a high sensitivity, a high selectivity and a fast response time. 
The development of a semiconductor gas sensor should be pursued by paying attention 
to many factors. So far the surface chemical processes have been investigated fairly well, 
but the process concerning with transducer function has not been investigated much, 
probably because of the complexity of practical polycrystalline elements. Generally, the 
following fundamental aspects will affect the sensing properties of a semiconductor gas 
sensor. 
Particle size of metal oxide. A lot of experiments [22-26] have shown that gas 
sensitivity is strongly affected by the grain size (D) of a semiconductor metal oxide when 
D becomes small enough to be comparable to or less than twice the thickness (L) of the 
space charge layer. In order to explain this phenomenon, Yamazoe et al. depicted a model 
as shown in Fig. 2.4 consisting of a large number of necks and a small number of grain 
boundary contacts [22]. The following three cases are differentiated according to the 
relative magnitude of D and 2L. 
  
D»2L (Grain boundary control)
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D < 2L (Grain control)
 
Figure 2.4 the model for the grain size control effect (adapted from ref. [22]) 
 
a) D » 2L (grain boundary control). Electron channels through the necks are too wide 
for them to control the electrical resistance of the chain. The resistance at the grain 
boundary contacts determines the whole resistance, giving rise to gas sensitivity 
independent of D. 
b) D ≅ 2L (neck control). Each channel is sufficiently narrow to be resistive to the 
electron conduction. Since necks are far more in number than grain boundary contacts, 
their resistances determine the resistance of the whole element, giving rise to the neck 
size-dependent gas sensitivity. 
c) D « 2L (grain control). Each metal oxide particle is included as a whole in the space 
charge region. Under such conditions, electron transport at any place inside the particle 
becomes susceptive to the surface effect. Although the specific resistivity inside the 
particle is smaller than that at each neck, the resistance contributed by each particle can 
increase and eventually exceed that contributed by each neck when D becomes 
sufficiently small. The whole electrical resistance and gas sensitivity will thus be 
controlled by grains themselves at sufficiently small D as the outer part of each grain is 
more susceptive to gases than the inner part. This probably explains the increase of gas 
sensitivity with decreasing D, although quantitative treatments are yet to be done. 
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Alternatively, the effect of grain size on the sensitivity of a gas sensor can also be 
explained by the fact that the surface area of a semiconductor oxide increases when its 
grain size decreases. It is well known that gas sensing properties of semiconductor oxides 
are derived from the surface reactions between target gas molecules and surface active 
sites [20]. Based on this explanation, one may easily find an analogy between the surface 
reactions of semiconductor sensors and those on the surfaces of heterogeneous catalysts. 
Higher surface area of a semiconductor oxide means that more surface active sites (such 
as surface oxygen species in the case of SnO2 in air) are available to react with the target 
gas molecules, resulting in higher activity of a catalyst or in higher sensitivity of a 
semiconductor sensor. 
Based on this theory, thousands of works were focused on the preparation of nano-
sized materials, and the challenge became to prepare materials with small crystallize size 
which are stable when operated at high temperature for long periods because the metal 
oxides must be kept at a relatively high temperature in order to guarantee the reversibility 
of chemical reactions at surface. 
Moreover, since the gas sensor response depends on the surface reaction between the 
metal oxide and the gas molecules in the ambient, nanoparticle metal oxides are, in 
principle, expected to exhibit an increased sensitivity as well as a faster response and 
recovery time compared to microcrystalline materials due to the large surface-to-bulk ratio. 
It was found that when SnO2 in the size range of 5-32nm, there was a strong 
correlation between grain diameter D and sensitivity [22]. Recently, Lu et al [27] 
described a comparable correlation for SnO2 nanoparticles in the range of 2-300nm 
towards 500ppm CO, and the sensor signal increased drastically if the particle diameter 
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became smaller than 10nm. For WO3 nanoparticles it was found that when D was less than 
25nm the sensitivity values towards 10ppm NO2 and 200ppm NO at 573K were three to 
four times as high as those for D>35nm. Ansari and co-workers investigated Mo3-doped 
SnO2 nanoparticles in the size range of 12-80nm [28]. Similar to these results, a size-
dependent sensitivity was expected for In2O3 for detection of oxidizing gases [29], and 
Gurlo et al [30] observed an enhanced sensitivity towards 1ppm NO2 of nanocrystalline 
In2O3 with a particle size below 50nm. Furthermore, this trend was further verified by 
means of theoretical investigations performed by Rothschild et al [31], who evaluated the 
effect of the particle size between 5 and 80nm on the sensitivity of SnO2, and the results 
showed the high sensitivity is proportional to 1/D. 
Besides the particle size, the influence of the microstructure, such as film thickness 
and its porosity, are still critical factors on the response time and the sensitivity. Sensing 
layer are penetrated by oxygen and analyte molecules so that a concentration gradient is 
formed, which depends on the equilibrium and their surface reaction. Thus a lower film 
thichness together with a higher prorsity contribute to a higher sensitivity and faster 
response time [32, 33]. Hyodo et al applied PMMA microspheres as templates for the 
synthesis of microstructured SnO2 sensing films, which showed a high H2, NO and NO2 
sensitivities [34]. 
Recently, an unexpected step forward has been the successful preparation of stable 
single crystal quasi-one-dimensional semiconducting oxides nanostructures by simply 
evaporating the desired commercial metal oxide powders at high temperatures [25, 35], 
and the peculiar characteristics and size effects make them interesting both for 
fundamental studies and for potential nano-device applications. 
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Tin oxide nanobelts based gas sensor was the first one presented in 2002 [36]. Other 
works reported the effect of catalysts on nanowires sensing properties [37, 38]. Besides, 
one dimension nano-crystal ZnO [39, 40], In2O3 [41], V2O5 [42] have also been 
synthesized. However, still a greater control in the growth is required for an application in 
commercial systems, together with a thorough understanding of the growth mechanism 
that can lead to a control in nano-wires size and size distributions, shape, crystal structure 
and atomic termination. A great attention has to be paid to problems like the electrical 
contacts and nano-manipulation that allow production and integration of sensors. 
Dopant. Since the pioneering works by Shaver and Loh [43], the promoting effects of 
noble metals, such as Pt, Pd and Ag [44], have been confirmed in many semiconductor gas 
sensors. It can be said that the addition of noble metals result in overcoming the inherent 
limitations of the pure base material. In this case, doping is in fact the addition of 
catalytically active sites to the surface of the base materials. Ideally, the doping process 
improves sensor performance by increasing the sensitivity, favoring the selective 
interaction with the target gas and thus increasing the selectivity and decreasing the 
response and recovery time, respectively. Furthermore, surface doping may enhance the 
thermal and long-term stability.  
To explain the influence of surface additives, two different mechanisms, electronic and 
chemical sensitization, have been repeatedly applied [10, 44, 45]. 
Firstly, the function of these dopants was to promote a catalytic surface reaction. 
Thereby, it is assumed that deposited clusters of noble metals provide preferred adsorption 
and activation sites for the target analyte from which activated fragments are spilled over 
onto the semiconductor to react with the ionosorbed oxygen. As a result, the surface 
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coverage with oxygen is reduced and accompanied by a change in conductance, while the 
cluster itself remains unchanged [46]. 
However, the influence of doping elements on gas properties of metal oxide gas 
sensors does not always coincide with catalytic activity of these additives [47]. When 
choosing additives, high catalytic activity of additives is an essential, but insufficient 
requirement, For high gas response achievement, used methods of surface modification 
should create optimal conditions for both electron and ion (spillover) exchange between 
surface nanocluster and metal oxide support. Only in this case catalytic reaction on the 
surface of additives may be accompanied by change of film electroconductivity, 
controlled in metal oxide films during gas sensing [48-50]. 
Another function of the additive in its oxidized state acts as a strong acceptor for 
electrons of the host semiconductor. This induced an electron-depleted space-charge layer 
near the interface. By reacting with a reducing gas, the additives are reduced releasing the 
electrons back to the semiconductor.  
The importance of the electronic sensitization in semiconductor gas sensors can never 
be overstated [51]. Fig. 2.5 illustrates schematically what is going on each SnO2 particle 
interacting with the surrounding atmosphere. In the absence of additives, oxygen is 
adsorbed on the surface of the SnO2 particle to induce an electrons-deficient space charge 
layer. On exposure to an inflammable gas, the oxygen is consumed to bring about the 
relaxation of the space charge and further to decrease the electrical resistance of the 
element. In the presence of additives (Pd or PdO), a space charge is formed in air due to 
the interaction of PdO with SnO2, which is depleted of electrons more strongly than one 
induced by the adsorbed oxygen, while the space charge disappears when an inflammable 
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gas reduces PdO to Pd. This leads to gas sensitivity greater than that of the pure SnO2 
element. It is also obvious that the microparticles of PdO act as a gas receptor which 
otherwise is acted by the adsorbed oxygen. 
 
Fig. 2.5 Response of the surface of SnO2 particles to the surrounding atmosphere, in pure 
SnO2 element and in Pd or PdO-loaded SnO2 element (adapted from ref. [51]). 
 
Besides noble metal, other metal/metal oxide are also used as additives. One 
interesting case is in CuO/SnO2 sensing system. The conversion of CuO into CuS is 
accompanied with a change in the chemical potential, thus affecting the state of charge at 
the semiconductor/dopant interface, and leading to high sensitivity to H2S [52, 53]. 
It is necessary to underline that not depending from used method of surface 
modification (impregnation, electroless, vacuum, evaporation, spraying, etc.), after doped 
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of 300-600°C. This annealing promotes the formation of metallic clusters, improves 
homogeneity of their distribution by layer thickness, and stabilizes properties of gas 
sensing matrix [47, 54]. 
The real situation is far more complicated. Besides those mentioned above, the factors 
also include concentration of free charge carrier, type of grain network and porosity, 
stoichiometry and surface architecture, etc. Fig. 2.6 shows the multitude of parameters that 
are affected by introducing a doping element to a base metal oxide.  
 
Fig. 2.6 Parameters which may be changed as a results of metla oxide doping during their 
preparation (adapted from ref. [47] ). 
 
Selectivity. Selectivity in semiconductor gas sensors can be obtained through a variety 
of methods which can be classified into four main groups [51]: 1) the use of filters or 
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chromatographic columns to discriminate between gases on the basis of molecular size or 
other physical properties; 2) the use of catalysts and promoters or more specific surface  
additives; 3) the physical preparation of the sensor material; and 4) the analysis of 
transient sensor responses to changes in analyte concentration or sensor temperature.  
Of the last category, the most commonly employed technique involves controlling the 
temperature of the semiconductor surface, whether by selecting a fixed temperature to 
maximize sensitivity to a particular analyte gas, or by programming or modulating the 
temperature. The factors, both chemical and physical, which depend on temperature and 
contribute to the sensor response, have been identified by Mizsei [55, 56]. These include 
rates of adsorption and desorption (of oxygen and reducing gases, or of oxidation 
products), the rate of surface decomposition of reducing gases, the charge-carrier 
concentration and the Debye length in the semiconductor. This means that the true 
relationship between the conductance of a semiconductor sensor in the presence of 
reducing gases and the temperature of the sensor surface is very complex. Another 
complicating feature of gas sensor operation is that the chemical reactions that give rise to 
the sensor response are usually exothermic, and thus make uncontrolled contribution to 
the sensor temperature [57]. Furthermore, the actual measurement of the sensor 
conductance requires the flow of a small current through the sensor and thus causes 
temperature change of the sensor, although the relative significance of this is questionable. 
Figaro (manufacturer of the most commonly used sensor) indicate that the use of a flow 
system in gas detection causes cooling of the sensor surface, and thus also influences its 
response. 
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The simplest way to observe a temperature–dependent dynamic sensor response is to 
literally switch the sensor power supply on or off, with or without an analyte gas being 
present [58]. However, such method is preliminary in nature, and none of them actually 
carries out a quantitative analysis based on the transient response as its temperature varies. 
Possibly, the most promising temperature modulation technique involves the 
application of a periodic heating voltage to the semiconductor gas sensor [59-61], which 
has several advantages [62]: 1) a cyclic temperature variation can give a unique signature 
for each gas; 2) periodic shifts to higher temperature may be required to clean the sensor 
surface; 3) thermal cycling can lead to improvements in sensitivity because for each gas 
there is usually a point in the cycle which corresponds to a maximum in the conductance-
temperature profile. However, the main problem to be overcome is still the non-linearity 
of the sensor response. In recent years, one of the most common ways to approach this 
problem has been the use of neural networks and soft-modeling techniques to recognize 
patterns of sensor response [10].  
Another approach to improve gas selectivity of a sensor is the use of a gas filter on 
sensor surface. Several studies have already been performed to coat SiO2 film on the 
surface of gas sensor by a chemical vapor deposition (CVD) of silicone compounds [63-
65], and the sensitivity towards hydrogen was markedly increased and a high selectivity to 
hydrogen was also achieved. Dutta et al [66] applied Pt in a microporous zeolite as filter 
for TiO2 sensor, and improved the selectivity of hydrocarbon in the presence of CO.  
It is known in catalytic chemistry that acid-base properties of an oxide surface can be 
modified with additives. Acid-base properties would naturally be important for sensors to 
detect acidic gases like H2S or basic gases like NH3 [67]. However, the importance of 
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acid-base properties does not seem to be limited to such cases. When the objective gas has 
a complex molecular structure or a reactive functional group, surface reactions may differ 
depending on the acid-base properties. For example, basic oxides tend generally to 
increase the ethanol sensitivity when added to the element, while acidic oxides decrease 
the sensitivity [51] since the catalytic oxidation of ethanol takes place in different routes 
by basic or acidic catalysts.  
 
2.2 Introduction of the metal oxide materials 
Materials that change their properties depending on the ambient gases can be utilized 
as gas sensing materials. Many metal oxides are suitable for detecting combustible, 
reducing, or oxidizing gases. For instance all the following oxides show a gas response in 
their conductivity: Cr2O3, Mn2O3, Co3O4, NiO, CuO, CdO, MgO, SrO, BaO, In2O3, WO3, 
TiO2, V2O3, Fe2O3, GeO2, Nb2O5, MoO3, Ta2O5, La2O3, CeO2, Nd2O3. However, the most 
commonly used gas sensing materials are ZnO and SnO2 [68]. The gas sensitivity of 
oxides is often divided into bulk- and surface-sensitive materials. TiO2 for example 
increases its conductivity due to the formation of bulk oxygen vacancies under reducing 
conditions and thus is categorized as a bulk sensitive gas sensing material. SnO2 on the 
other hand, although bulk defects affect its conductivity, belongs to the category of surface 
sensitive materials.  
2.2.1 Tin dioxide (SnO2) 
A wide variety of oxides exhibit sensitivity towards oxidizing and reducing gases by a 
variation of their electrical properties, but SnO2 dominated over all other metal oxides and 
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is one of the first considered, and still is the most frequently used, material for these 
applications.  
Among the various types of micro-sensors (catalytic, electrochemical or 
potentiometric, semiconductor, etc), the semiconductor sensors based on tin oxide are the 
only sensors (except the oxygen sensors based on YSZ for automotive applications), 
which have been commercially well developed (Japanese products by Figaro or Nemoto, 
European products by MiCS, Capteur or UST, etc) [69].  
The gas-sensing properties of this material have been widely been reported in the 
literature [5]. Well known advantages of SnO2 include its low cost and high sensitivities 
for different gas species. These applications are the use of SnO2 as a material that 
combines electrical conductivity with optical transparency, as a heterogeneous oxidation 
catalyst, and as a solid state gas sensor. A large number of dopants in SnO2 have been 
investigated to improve response times, temperature of operation, selectivity, and so on. 
The surface morphology has been characterized to explain the exactly observed results by 
many researchers.  
As a mineral, stannic oxide is also called Cassiterite. It possesses the same rutile 
structure as many other metal oxides, e.g. TiO2, RuO2, GeO2, MnO2, VO2, IrO2, and CrO2. 
The rutile structure has a tetragonal unit cell with a space-group symmetry of P42/mnm. 
The lattice constants are a = b = 4.7374 Å and c = 3.1864Å [70]. In the bulk all Sn atoms 
are six fold coordinated to threefold coordinated oxygen atoms. 
Sn has a stable SnO and SnO2 oxide formations. In the pure form SnO2 is a 
semiconductor, with a bandgap of 3.6 eV, and its gas-sensing properties are also recorded 
even in the nonstoichiometric form [71, 72]. The natural growth faces of SnO2 are mainly 
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(110) and (100) surfaces. It is reported that the Sn ions on the perfect surface of SnO2 are 
all in the nominal Sn4+ state, as in the bulk. The conduction and valence bands do not 
appear to be bent at this surface, that is, surface in a flat-band state [68]. For this reason, 
the surface and the bulk exhibit same resistivity values. The surface (110) is 
thermodynamically a most stable one. The interesting defect properties of this surface 
arise because of the bridging of O ions, lying above the main surface plane. These O ions 
can be removed easily either by heating or by particle bombardment. When they are 
removed, the two electrons left behind occupy orbitals, a mixture of 5s and 5p, on surface 
Sn ions, converting them to Sn2+. The gas detection principle is based on the conductance 
variation of the sensing element (made of SnO2) depending on the surrounding gas 
atmosphere and the temperature of the element, thus permitting the detection of many 
pollutant gases at very low levels (ppm or ppb). In the intrinsic form this material is 
sensitive to many gaseous species, such as: H2 (25 to 650°C) [73], C2H5OH (25 to 500°C) 
[74], CO (131 to 570°C) [75], NOx (131 to 525°C) [76], CH4 (200 to 320°C) [77], SO2 
(200 to 500°C) [78], and H2S (300 to 450°C) [79].  
The gaseous species interact with the material surface and induce reversible and 
reproducible electric responses on their interaction. A chemical modification of the SnO2 
surface takes place depending on the partial or total interaction [80]. In the simple form 
the resistance of the material consists of three parts, that is, bulk resistance, surface 
resistance, and contact resistance between metal electrodes and the material. Upon 
exposure to the gaseous species the surface resistance of the material varies and it brings 
out an effective change in the electrical resistance of the sensing element. The overall 
change of the element will be substantial if the exposed film surface area is larger and the 
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temperature of the element is maintained throughout its physical dimensions. The 
structure of SnO2 material is basically polycrystalline in nature and grain-boundaries 
dominate the effective changes in resistance that take place [80]. 
However, generally recognized poor selectivity and low thermodynamic stability of 
these SnO2 materials at elevated temperatures have given rise to the search for new active 
materials [81]. In the case of SnO, SnO2, and SnO/SnO2 the equilibrium pressures of 
oxygen are quite close and the corresponding lines overlap. A relatively high equilibrium 
oxygen pressure of SnO2 is responsible for a degradation of their electrical properties on 
prolonged thermal treatment in reducing gas atmospheres 
In practical applications, several attempts are usually made to overcome their 
disadvantages, by, for example, using chromatographic columns to separate the 
components, by operating at different temperatures, by choosing different burning-in 
procedures, dopants, and measuring frequencies. Nano-particulate film of SnO2 has 
recently been implemented in work function– based field-effect transistor sensors to detect 
NO2. This has been reported to bring down the temperature of operation to 130°C with 
little impact of humidity on gas sensitivity [82]. There are numerous reports showing that 
the gas-sensing properties of a semiconducting sensor are greatly affected by the addition 
of certain additives such as In, Cd, noble metals, or metal oxides. These additives are 
added to improve the sensitivity to a particular gas, to minimize cross-sensitivity to other 
gases, and to reduce temperature of operation. Such surface/bulk modification techniques 
can be useful for developing a sensor, which is highly selective, that is, sensitive only to a 
specific gas [83]. Catalytic metallic additives such as palladium or platinum are often used 
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to improve the selectivity and to enhance the response of these tin oxide–based gas 
sensors. 
The physical and the gas-sensing properties clearly depend on the method of 
preparation and surface morphology of the film in use [84].  The doping of SnO2 with Pt 
reduces, in particular, the optimum operating temperature for sensing CO gas. On the 
other hand, the doping of SnO2 with trivalent additive favors the detection of oxidant 
gases [85]. By suitably selecting the dopant, the temperature of device operations can be 
adjusted to suit a specific application. Mixed oxide compounds such as iso-structural solid 
solutions of SnO2-TiO2 seem to be promising candidates for gas detection. Complex oxide 
systems may benefit from the combination of the best sensing properties of their pure 
components. 
Despite numerous studies on crystallographic structure and thermodynamic properties 
of SnO2 mixtures, present knowledge of the material parameters seems to be rather limited 
[83]. The SnO2 compatibility to the development of integrated sensors is a mixed one. 
Some show excellent matching to silicon process conditions, particularly in a thin-film 
form. Some combinations are useful for hybrid microcircuits as well. The material in 
combination with Pt and Pd appears to be a good choice. It remains to be seen whether 
micromachined silicon structures along with the material properties of SnO2 dominate as 
an integrated sensor in the near future. 
2.2.2 Zinc Oxide (ZnO)  
Zinc oxides, particularly the ZnO phase, are the thoroughly studied post-transition-
metal oxide, one of the popular materials for gas-sensing application next to the tin oxide. 
The use as a gas sensor, in which the surface conductivity changes in response to adsorbed 
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gases, made them an ideal candidate in the early days of surface science. Point defects on 
ZnO surfaces are extremely important in gas sensing as they produce very large changes 
in the surface conductivity. The changes occur at the surface of the grains as a result of 
charge transfer and band bending caused by the adsorbates. The dominant defects 
identified in these films are oxygen vacancies. Heating the films to high temperatures 
generally creates these vacancies. These surface defects do not produce any new filled 
electronic states in the bandgap. This is related to the range of stable oxidation states of Zn. 
In the intrinsic range ZnO is sensitive to O2, O3, H2, CO, and simple hydrocarbons. 
However, ZnO is known as a good sensing material to detect reducing gases such as H2, 
CH4, and CO. This material also suffers from long-term instability, sensitivity to ambient 
humidity, and poor selectivity. By adding certain impurities it is possible to bring down 
the lower temperature detection limit of detection to the range of 127 to 200°C. By doping 
the material with noble metals or Al, In, Ga, the ZnO showed good sensitivities to NH3 
and ammonia-based gaseous species [86, 87]. The popular application of ZnO is its 
hetero-structures with other material components. In order to examine the electrical 
characteristics of SnO2(n)/ZnO(n) interface and investigate its advantages as a gas sensor, 
stable and reproducible hetero-contact samples were fabricated by pressing and co-firing a 
layer of ZnO powder onto a layer of SnO2 powder [87]. The resultant composite pellets 
maintained very stable contacts between SnO2 and ZnO during the entire measurement 
procedure and thus reproducible data were obtained. The electrical characteristics of the 
SnO2/ZnO hetero-contact interface were examined to explain the increased sensitivity of 
the hetero-contact sample to 200 ppm of CO gas. Composite type sensors were suggested 
to improve the reliability because they contained many hetero-contacts between two 
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phases. For example, ZnO(n)/CuO(p) composite showed higher sensitivity to CO gas than 
pure ZnO. ZnO(n)/SnO2(n) composite also showed enhanced sensitivity that was related 
to the SnO2/ZnO grain boundary. However, because the electrical characteristics of 
composite are influenced by many factors, such as the volume fraction, grain size, and the 
geometric arrangement of each phase, it is difficult to isolate the influence of the 
heterogeneous grain boundaries between two phases. Ever since the hetero-contact of 
CuO(p)/ZnO(n) was proposed to show high selectivity for CO gas, many kinds of 
heterocontacts have been studied [88]. However, hetero-contact type sensors have poor 
reliability due to mechanical contact of two dissimilar materials. 
Application of hetero-contact allows the formation of p-n, n-n junctions, and Schottky 
diode structures. From the compatibility point of view this is considered as a healthy sign 
for the silicon device fabrication scheme. Hybrid microcircuit technology is opted mainly 
because of well-developed screen-printing techniques for ZnO-based materials. 
 2.2.3 Indium oxide (In2O3) 
The cubic In2O3 is the only phase among various indium oxides studied for gas-
sensing applications. In the intrinsic form this material is a good candidate as a 
conductivity sensor for O3 sensing at low temperatures [89]. Takada in 1987 [90] was the 
first to report ozone sensing based on In2O3 conductivity measurements. The unique 
property of this material is the evaluation of fish freshness and highly selective detection 
of CO over H2. Thin films are mostly deposited by means of RF sputtering, CVD, and 
thermal evaporation techniques [91]. Recent developments in the conductivity sensors 
based on In2O3, for ozone sensing, is in the ppb range. However, they require enhanced 
temperature environment, which implies considerable power consumption during their 
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operation. If one thinks of a large area ozone registration or miniaturized portable systems, 
high temperature conductivity sensors are not an optimal solution for such applications 
[92]. At temperatures below 130°C the sensitivity maximum found at low concentrations 
of some 10 ppb of ozone complies with the requirements for environmental measurements. 
The sensitivity and selectivity of In2O3 sensors to oxidizing gases can be improved by 
doping with transition metal ions. 
Gutman et al. conjectured that the charge metastability of Fecations (Fe3+ ↔Fe2+) in γ 
-Fe2O3/In2O3 sensors could change the sensitivity to detect O3 [30]. The optimum 
operating temperature for this material combined with Fe2O3 additive was found to be at 
about 370°C. As miniaturized environmental ozone sensing systems it would probably be 
supplied with power from a battery; for mobile applications, a lower operation 
temperature, for instance reached by a combination of the aforementioned material with 
new transducer types could lead to reduced power consumption [92]. It is presumed that 
the V•O neutral vacancies and In2+ ion centers in In2O3 thin films appear as active surface 
states for the adsorption of oxidizing gases, increasing the sensitivity to these gas species. 
Mo-doping significantly enhances the sensor response to NO2 gas molecules [30]. The 
mechanism of response can be attributed to the chemical reaction with O3 and NO2 
dissociation to reactive species. Probably Mo-cations promote the O3/NO2 dissociation to 
reactive species. MoO3-In2O3 and In2O3 films show the best results in terms of NO2 
response with their average grain size between 5 and 30 nm. The reason for high response 
to oxidizing gases (O3, NO2) for nano-crystalline metal oxide sensors is, though not well 
understood, believed to be that large surface to volume ratio, or large number of 
unsatisfied bonds in nano-materials is responsible for sensor response enhancement. 
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Adsorption of electron acceptor gaseous species leads to band bending and the formation 
of a surface depletion layer due to capture of the free charge carriers at surface. For nano-
crystalline semiconductors, nearly all-available conduction electrons are trapped in the 
surface states, which enhance the sensor response. Comparing In2O3 and MoO3-In2O3 
sensitive layers prepared by the hydrolytic sol-gel method showed that the best NO2 and 
O3 response is observed for nano-crystalline thin films. Comparison of the experimentally 
observed exponents with modeling showed that −2O  /
−O  should be the predominant 
species on the surface due to the ozone and NO2 interaction with In2O3 at 150 to 420°C. 
2.2.4 Tungsten oxide (WO3)  
Tungsten forms different oxides such as WO, WO3, W2O3, and W4O3. WO3 films are 
reported to have promising electrical properties for gas-sensing applications. These films 
are particularly attractive because they show a high catalytic behavior both in oxidation 
and reduction reactions on their surface.  
Pure WO3 and metal tungstate thick films had outstanding sensitive properties toward 
nitrogen oxides at low and also at elevated temperatures [93]. Thin WO3 films, with 
respective advantages in quality and cost, have been prepared via physical and chemical 
routes, such as sol-gel coating, chemical vapor deposition, solution spray, RF reactive 
sputtering from metallic tungsten target, and thermal annealing. Both thin and thick films 
are sensitive to NOx at elevated temperatures, but thin films exhibit high performance 
including large gas sensitivity, fast response, and low working temperatures [93]. The 
preparation of WO3 thin film sensors with the ability to detect O3 with high selectivity in 
the presence of nitrogen compounds, hydrocarbons, and volatile organic compounds such 
as photochemical smog represents the actual challenge for the application of WO3 solid 
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state devices for urban air quality monitoring [94]. WO3 is a good insulator in its 
stoichiometric form. However, in sub-stoichiometric forms, it exhibits conductivity, the 
magnitude of which depends on the O/W atomic ratio. These films adhere very well on 
silicon oxide, nitride, and polycrystalline silicon surfaces, and can easily be reactive-ion-
etched using SF6 chemistry [95]. It has been shown that the electrical resistance of sub-
stoichiometric WO3 CVD films deposited by W(CO)6 pyrolysis and activated with some 
gold mono-layers, presents reversible changes in presence of hydrogen although it remains 
unaffected by the presence of O2, SO2, and propanol vapors [90]. These films present 
satisfactory characteristics such as sensitivity, response, stability, and repeatability in their 
resistance variations. Furthermore, their processing is compatible with the silicon-
integrated circuit manufacturing so potentially they may by useful in the fabrication of 
integrated sensors. Although in the intrinsic form WO3 is sensitive to NOx and H2S at 
reasonably low temperatures its cross-sensitivity is at a minimum level with other gaseous 
species. This special property makes it a better candidate when compared with other metal 
oxide sensing materials [96, 97]. When doped with noble metals, WO3 is sensitive to NH3, 
DMA, and TMA but the compatibility needs a closer observation. By doping Ag, Al, and 
Ti the sensors can be operated at lower temperatures of the order of 200°C [95, 97]. From 
an environmental concern, there has been an increasing demand for sensory detection of 
NOx. Especially, NO2 is highly toxic to human nerves and respiratory organs so that high-
sensitivity detection of it is desired for air quality monitoring with minimum cross 
sensitivity. Various solid-state sensors to detect NO2 and/or NO have been proposed by 
using semiconducting oxides, solid electrolytes, and SAW devices [89]. WO3 is a better 
option for NOx detectors and its compatibility with silicon and hybrid microcircuit 
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fabrication is excellent. However, the detection of NO2 in the vicinity of environmental 
standards has remained a big challenge. The NO2 sensitivity has been shown to be 
improved by using fine particles of WO3 or thin films of WO3 prepared by vacuum 
evaporation, RF sputtering, or sol-gel methods [95], suggesting that further improvements 
in NO2 sensitivity may be possible by controlling the microstructure of WO3.  
 
Besides the metal oxides mentioned above, there are a lot work have been done to 
study other metal oxides. Figure 2.7 shows the relative comparison of references, available 
in the open literature, on the gas-sensing. It is clear from this figure that among all oxides, 
tin oxide is the most widely investigated material. Although not very close to tin oxides 
the next important oxide material that has drawn more attention is the mixed oxides. 
However, each material has its advantages and they must be carefully selected according 















Fig. 2.7 Relative comparison of different oxides used for gas-sensing application. (adapted 
from ref. [90]) 
 
2.3 Mesoporous materials and gas sensors 
2.3.1 Introduction of mesoporous materials 
Porous solids are of scientific and technological interest because of their ability to 
interact with atoms, ions and molecules not only at their surfaces, but throughout the bulk 
of the material. Not surprisingly, traditional applications of porous materials thus involve 
in the fields of ion exchange, adsorption (for separation), catalysis, optics, photonics, 
sensors, separation, drug delivery, sorption, acoustic or electrical insulation, ultralight 
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structural materials, etc [98-103],  and many of these benefits from the high order that can 
be achieved in solids such as zeolites. 
 According to the classification made by IUPAC [104], porous solids can be arranged 
in three main categories, depending on their pore size (diameter, d), in micro- (d < 2 nm), 
meso- (2 nm < d < 50 nm), and macroporous materials (d > 50 nm). 
Before the discovery of mesoporous silica, high surface area materials were dominated 
by microporous zeolites. The longest-known class of molecular sieves is the natural 
zeolites, high crystalline aluminosilicates with a three-dimensional open-structure 
framework [105]. Since the pioneering work of Barrer in 1938 on zeolite synthesis, a 
hundred different synthetic types are known via choosing appropriately the chemical 
composition and synthesis conditions [106].These network solids were durable, crystalline 
and featured an ordered array of pores. Their standard hydrothermal syntheses usually 
involves using carefully selected organic moieties as templates whose size and shape 
defines the cage or channel within the lattice. 
Zeolites are microporous crystalline aluminosilicates that are constructed from TO4 
tetrahedra (T = Si, Al). Each apical oxygen atom is shared between two adjacent 
tetrahedral [101]. Such crystalline materials are characteristic of three-dimensional (3D) 
networks containing channels or cavities of molecular dimensions (0.3–1.5 nm), which are 
produced by the tetrahedral primary building blocks linked through oxygen atoms. As a 
result, zeolites can function as molecular sieves because their pore sizes are comparable to 
molecular dimensions. Zeolites have been well known as adsorbents and catalysts, as well 
as in the applications of environmental protection and fine chemical production. 
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Regardless of the great amount of work dedicated to zeolites and related crystalline 
molecular sieves, the dimensions and accessibility of pores were restrained to the sub-
nanometer scale. This limited the application of these pore systems to small molecules. 
By using micelle-forming surfactants in conjunction with silicate precursors at high 
pH, Chiola and coworkers [99, 107] reported the formation of “low-bulk density silica”. 
Scientists at Mobil, using a similar surfactant templating approach, discovered the unique 
mesopore properties and characterized a lamellar, hexagonal and cubic phase designated 
as the M41S family of materials [108, 109]. These surfactant cations are characterized by 
a highly hydrophilic, charged headgroup associated with a long hydrophobic alkyl chain. 
In contrast to the smaller organic moieties that template zeolites, these surfactants tend to 
form complex micelles in solution. When silica is introduced, mesostructures are formed 
by a cooperative self-assembly of surfactant/silicate ion pairs that arrange themselves in 
various ordered arrays [110]. The resultant mesostructures occur in different morphologies 
closely analogous to the lyotropic liquid crystal phases seen in the pure amphophilic lipid 
or surfactant/ water systems. These predominant phases are dictated by a given set of 
synthetic factors such as concentration, heating profile and surfactant packing parameter. 
Upon condensation of the silicate oligomers and subsequent surfactant removal by 
calcination or ion exchange, the resulting solid possesses a pore diameter between 15 and 
30 Å and a surface area up to 1500 m2/g. 
 
Chapter 2. Literature review 
38 
 
Figure 2.8 Schematic pathways for MCM-41 formation proposed by Beck et al [109]. 
 
Pathways for MCM-41 (for Mobil Composition of Matter) formation were proposed 
as shown in Figure 2.8: Silicate precursors filled the water-rich spaces of the hydrophilic 
domains of a preformed lyotropic liquid crystal hexagonal phase and settle on the polar 
heads, located at the external surface of the micelles. (II) The inorganic species direct the 
selfassembly process of the surfactant, forming hybrid hexagonal coarrangements. 
The M41S family includes a bidimensional hexagonal phase MCM-41, a cubic phase, 
MCM-48, and several lamellar phases [111]. However, the pore size of MCM-41 and 
related materials is restricted by the size of the micellar templates; a natural extension to 
increase the pore size consists of making use of larger molecules such as polymers or 
more complex texturing agents (other organic or biological templates). The utilization of 
ABCs (Amphiphilic block copolymers) for larger pore sizes has been demonstrated and 
thoroughly discussed by Antonietti and colleagues [112, 113]. 
Yet another non-ionic approach developed by Zhao et al. involves the use of triblock 
copolymer poly(ethylene oxide)–poly(propylene oxide)–poly(ethylene oxide) 
(PEOxPPOyPEOx) [114, 115]. The major difference in this approach is the use of ‘non-
amphiphilic’ template molecules showing the ability to form liquid-crystal structures in 
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strongly acidic reaction medium. Under these conditions, the EO units and the cationic 
silica species are assembled together by an acid-assisted electrostatic interaction and can 
be represented as PEOx-m[(EO)⋅H3O+]m⋅⋅⋅mX-⋅⋅⋅I+. Depending on the size of the EO group, 
periodic arrangements with hexagonal (p6mm) and cubic (Im3m) symmetries can be 
synthesized, denoted as SBA-15 and SBA-16, respectively. In comparison with other 
mesoporous materials, SBA-15 and SBA-16 can be prepared with pores up to 30 nm and 
remarkable thicker walls up to 6.4 nm. These long-range ordered materials consist of 
microporous intrawall pores up to 30% of the total pore volume [116, 117] and can be 
systematically controlled by varying the synthesis temperature and the TEOS/surfactant 
ratio [118]. With increasing temperature the pore size increases while the intrawall 
porosity and the wall thickness decrease [118]. Kim and Stucky prepared SBA-15 and 
SBA-16 with TEOS as silica source but reported recently on the synthesis of these 
mesostructures using sodium metasilicate [119]. When positively charged ammonium 
surfactants or neutral ethylene oxides are used as templates in a strongly acidic reaction 
medium the synthesized materials are called respectively, SBA-1, -2, -3 [120] or SBA-11, 
-12, -14 [115]. 
The thermal stability was found to be strongly related to the wall thickness and the 
silica precursor used during synthesis. It was shown that M41S materials prepared with 
fumed silica have a thermal stability to at least 850°C while these materials prepared with 
TEOS completely collapse at a calcination temperature of 750°C. Although SBA-15 is 
also prepared with TEOS, it shows a much higher thermal stability than MCM-41 
synthesized with TEOS. This can be explained by its three times thicker pore walls [115]. 
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Due to their larger pores than zeolite-based materials, MTS materials (mesoporous 
templated silicates) [121, 122] have stood for the extension of catalytic applications of 
zeolites to the conversion of bulky molecules. In spite of the enormous progress made in 
the synthesis of these materials, they can seldom be used as such. Pure MTS materials 
have a neutral framework limiting their applications to catalysis, supports, molecular 
sieving, adsorbents, etc [106]. In most cases, a modification step is required to activate the 
surface towards specific catalytic purposes. The activation can be done by incorporation of 
heroelements or transition metals in the framework structure or by a modification of the 
surface. 
Silica-based materials are the most studied systems for several reasons: a great variety 
of possible structures (flexibility of tetracoordinated Si), a precise control of the 
hydrolysis-condensation reactions (due to a lower reactivity), enhanced thermal stability 
of the obtained amorphous networks (no crystallization upon thermal treatment), and 
strong grafting of organic functions. In addition, a great number of structures found in 
nature presenting complex architectures (the case of diatoms or radiolaria) are silica-based. 
 
2.3.2 Application of mesoporous structure in gas sensing 
Short after the discovery of periodically organized mesoporous silica, a number of 
efforts were devoted to extending the mesoporous family to non-silicate materials. These 
systems concern mainly oxides or phosphates of transition metals (TM), aluminum, tin, 
etc. These materials are interesting because of their varied framework properties, which 
should permit development of a plethora of applications, particularly in catalysis, 
photocatalysis, sensors, optics, separation techniques, smart coatings, etc.  
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There are several ways to apply mesoporous materials in semiconductor metal oxide 
gas sensor: synthesizing mesoporous metal oxides or mixing mesoporous material with 
metal oxides. 
 Metal oxide with mesoporous structures. Other than silica, a lot of mesoporous 
metal oxides, such as TiO2, SnO2, ZrO2, etc. have been synthesized by self-assembly 
pathway using block-copolymers as a surfactant or by using mesoporous materials as 
template [123-126, 134].  
Template removal to obtain a porous oxide remains a fundamental issue, in view of 
promising applications: catalysis, sensors, and separation; post-functionalization of the 
high pore surfaces opens the path to controlled nanocavities. In principle, pore space can 
be liberated by thermal treatment (calcination) or repeated washing, as in silica systems. In 
the case of non-silica systems, an irreversible deterioration of the mesostructure is often 
associated with template elimination. However, high specific surface areas (in the order of 
the hundreds of m2/g) can be obtained, depending on the nature of the metal and the 
synthesis protocol. Unfortunately, most of these oxides cannot support temperatures >500 
°C, which is a serious limitation for most catalysis applications [131, 132]. 
Li et al [127] synthesized mesoporous SnO2 using a cationic surfactant as a synthetic 
template and sodium stannate as the starting inorganic precursors. The acidity of the 
synthesis mixture was an important controlling factor of the surface area, and the highest 
surface area was 157 m2/g. Using H2 as probing gas, higher sensitivity was found on 
samples having higher surface area. However, it was found that the surface area would 
decrease sharply due to the collapse of pore structure at temperatures of 400-600°C. 
Following the same way, Wang et al [128] synthesized mesostructured SnO2 using a 
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cationic surfactant as the organic template and hydrous tin chloride as the inorganic 
precursor. The surface area of the mesostructured tin oxide could reach 136 m2/g, and the 
gas sensor made by this material had a better ethanol sensitivity compared with 
polycrystalline tin oxide gas sensor. However, such materials still could not withstand high 
temperature. 
Another recurrently observed feature is that the hybrid phases stemming from acidic 
aqueous solutions present a relatively low stability to thermal treatment, due to incomplete 
condensation of the inorganic network because of the low initial pH values. Detailed 
structural and in-situ characterization shows that the immediately formed mesostructured 
hybrids are composed of an incompletely condensed inorganic framework that can evolve 
upon aging [129]. An extra cross-linking induced by ion exchange with phosphate can 
overcome this problem, and Ti and Zr mesoporous oxosulfates and oxophosphates have 
been successfully synthesized this way [129, 130]. 
In order to improve the thermal stability, Hyodo et al [133] treated the as-synthesized 
mesoporous SnO2 with phosphoric acid prior to calcination. The synthesized ordered 
mesoporous structure was stable up to 700oC, but the enhancement in H2 sensitivity was not 
so remarkable in spite of the larger surface area. 
Generally the low stability at high temperature has restricted the application of 
mesoporous metal oxides in gas sensing. 
Gas sensor by metal oxide mixed with mesoporous silica. Besides the synthesis of 
mesoporous metal oxide, solid state modification method is another way to increase surface 
area of semiconductor metal oxide. Li et al [135] fabricated SnO2-based gas sensors by 
mechanically mixing SnO2 with MCM-41 materials and sensitivity and selectivity to H2 of 
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MCM-41 modified SnO2 sensors have been improved tremendously. However, 
mechanically mixing could not provide a homogeneous system. 
Because of the low thermal stability of the mesoporous metal oxide, our study will focus 
on semiconductor metal oxide gas sensor made from the mixture of mesoporous materials 
with metal oxides. However, only one work mentioned above [134] has been done to study 
the sensing properties of gas sensor made from mixture of mesoporous material with metal 
oxide. 
In this study, different preparation methods and different mesoporous materials would 
be used to obtain a new sensing material with better sensitivity and the sensing mechanism 
would also be investigated.   
It is recognized that lots of mesoporous materials have been synthesized and studied. 
The present study just examines the involvement of MCM-41 and SBA-15, since those 
two kinds of mesoporous silica materials have attract most attentions; SnO2 and In2O3, 
which have been widely used for gas sensor application, will be selected as the sensing 
materials. 
In the next chapter, basic characterization methods and sensor-testing methods will be 
introduced. Based on these methods, different modification and mixing methods will be 
applied to investigate the role of mesoporous materials in gas sensing process. 
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Chapter 3. Characterization and Test 
 
 
This chapter describes the common basic experiments (characterization, sensing test and 
catalysis study), and the specific experiments related to specific investigation are 
illustrated in the individual chapters. 
 
3.1 Characterization method 
XRD. The powder X-ray diffraction pattern was recorded on a Shimadzu XRD-6000 
powder diffractometer, where Cu Kα operating at 40 kV and 30 mA was used as the X-
ray source (λ=1.5418Å). A continuous 2θ scan was used with a resolution of 0.02° and a 
scan speed of 2o/min. 
Nitrogen adsorption/desorption isotherms. The surface area and pore properties of 
mesoporous materials were analyzed by nitrogen physisorption at 77K using a 
Quantachrome Auto-sorb1 Analyzer. The specific surface area of the sample was 
determined from the linear portion of BET plots, which is based on the adsorption data in 
the P/Po range of 0.1~0.25. The pore size distributions were calculated from the adsorption 
branch of the isotherm using the thermodynamic-based Barrett-Joyner-Halenda (BJH) 
method. The total pore volume was determined from the adsorption branch of the N2 
isotherm atP/P0 = 0.95. 
XPS. X-ray photoelectron spectroscopy was performed on a Kratos Axis His 
instrument to characterize surface states. A Mg Kα X-ray source (hν = 1253.6) with an 
analyzer pass energy of 40 eV was operated at 10 mA and 15 kV. All experiments 
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presented here were performed in an ultra-high-vacuum (UHV) chamber with a base 
pressure of less than 10-9 Torr. In all cases, the binding energy of the C 1s core levels 
(284.6 eV) was used as an internal standard to distinguish between band-bending and 
chemical shift. 
FESEM/TEM. The microscopic features of the samples were observed with a field-
emission scanning electron microscope (FE-SEM) (JSM- 6700F, JEOL Japan) operated at 
10 kV, and transmission electron microscopy (TEM) (JEM 2010, JEOL, Japan) operated 
at 200 kV. 
TPD/TPR. Temperature programmed desorption (TPD) of O2 measurements were 
performed on Quantachrome Chembet-3000. 50mg sample was first put in a quartz cell 
and pretreated by O2(5 vol%)/He at 700°C for 30min. After cooling down to room 
temperature in 80ml/min flow of O2(5 vol%)/He, the sample was heated up to 650°C with 
a ramp rate of 10°C/min in helium flowing at 80 ml/min. Temperature programmed 
reduction (TPR) measurements were conducted with 50 mg of sample at a ramp rate of 
10°C/min from room temperature to 800°C in 80 ml/min flow of 5 vol% H2 in N2. 
FTIR. The FT-IR spectra were collected using a Shimadzu FTIR-8700 with a 
resolution of 2 cm-1. 15 milligrams of sample was pressed (under a pressure of 1 ton/cm2 
for 10 s) into a self-supported wafer 16 mm in diameter. Prior to analysis, the wafer was 
treated in an in-situ quartz cell equipped with CaF2 windows under vacuum (<10-5 mbar). 
ICP. The elemental composition was analyzed with a Perkin-Elmer Optima 3000DV 
ICP (inductive coupled plasma). 
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3.2 Sensor preparation and Sensing test 
Sensors were fabricated by pressing the powder samples into 10mm diameter and 
1mm thickness pellets using a specially designed pellet die. Two Pt wire electrodes, which 
were 0.2 mm in diameter and were at a distance of 3-4 mm from each other, were 
embedded in the sensors during the pressing of the sensor pellets.  
 
Fig. 3.1 A schematic diagram of a sensor pellet. 
 
The sensing properties of sensors were measured by observing the changes of the 
sensors’ resistance in air and reducing gases over a temperature of 250-500°C. Since the 
response of the sensor’s resistance to on/off switching of the target gases is in practice too 
slow at temperatures lower than 250°C, sensing temperatures above 250°C were chosen in 
our investigation. The reducing gases (such as H2 and CO) used in this study were at a 
concentration of 1000 ppm. The prepared sensor pellet was mounted in a specially 
designed quartz cell. The sensor was first pretreated in flowing air at 600°C for 4h to 
obtain stable resistance readings, and then it was cooled down to the desired temperatures 
for the measurement of their gas sensing properties. The sensing properties to different 
10mm 
1mm Sensor pellet 
Platinum Wires 
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gases were measured separately. The changes of the sensor resistance were recorded on a 
Keithley 6517 electrometer using a constant voltage (2V) applied across the sensor 
element. Data were collected and processed by a personal computer connected to the 
electrometer. The sensitivity of a sensor is expressed as the ratio of the sensor’s resistance 




































Chapter 3. Materials and Methods 
60 
3.3 Catalysis study 
Catalytic oxidations over different samples were carried out in a conventional fixed 
bed reactor. 100 mg of powder sample was pressed and ground to granules of 40-60 mesh 
and mounted into a quartz tube reactor with quartz wool being placed in the middle of the 
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 Chapter 4. Synthesis, characterization and sensing 
properties of SnO2 nanocrystal with SBA-15 as support 





Nanocrystal SnO2/SBA-15 composites have been successfully synthesized by wet 
impregnation of SnCl2 using mesoporous silica SBA-15 as the sensor support and 
subsequent calcination at 700°C. Small-angle XRD and nitrogen adsorption-desorption 
isotherms results demonstrate that the hexagonal structure of SBA-15 in SnO2/SBA-15 is 
well maintained after impregnation. Wide-angle XRD and SEM show the formation of 
nanosized SnO2 cluster, and O2-TPD reveals the increase of the amount of surface 
adsorbed oxygen. The sensors made by SnO2/SBA-15 composites display great 
enhancement of gas sensitivities, and the sensitivity to 1000 ppm of H2 could reach as high 
as 1400, which is almost ~ 40 times more sensitive than that of pure SnO2 sensor. The 
optimum temperature where the sensitivity has its maximum value also shifts to lower 
temperature compared with that of pure SnO2 sensor. This finding provides a simple way 
to improve the sensing properties of metal oxide gas sensor with the aid of mesoporous 
materials as the sensor support. 
 
4.1 Introduction 
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Since the successful synthesis of MCM-41 in 1992 [1, 2], nanostructured mesoporous 
materials have attracted considerable attention due to their highly-ordered pore structure 
and high surface area. The mesoporous materials are considered to be promising host 
materials for different doping agents, such as organic dyes, nanocrystals, catalysts and 
electronics [3-7]. Moreover, a number of studies have been aimed at modifying 
mesoporous materials in order to increase the potential applicability of these materials. 
Recent developments in mesoporous silica materials have also provided opportunities to 
improve the properties of semiconducting metal oxide gas sensors. Several pathways have 
been reported and extended to the synthesis of a variety of mesoporous metal oxides for 
gas sensing following the discovery of MCM family of mesoporous silicates using 
supramolecular templating approach [8, 9]. However, most of such mesoporous structures 
were not stable after the removal of surfactant and collapsed at high temperature [10]. 
Another way was to prepare the composites of metal oxide with mesoporous materials 
since silica-based nanocomposites and multi-component nanoparticles have generated 
much interest as they have the potential for improved performance when compared to the 
single-component nanoparticles [11, 12]. Li and Kawi used MCM-41 as a sensor support 
to mechanically mix with SnO2 [13], and the sensitivity of the resulting sensor to H2 could 
be enhanced by about 5 times compared with that of pure SnO2 gas sensor. However, 
mechanical mixing might not be so effective to provide a homogeneous dispersion of 
SnO2 on the MCM-41 sensor support. In the present work, a simple chemical mixing 
method is applied to synthesize a more homogeneous nanocomposite of SnO2 with 
mesoporous material with the aim of significantly enhancing the sensitivity of SnO2 gas 
sensor. SnCl2 was chosen as the precursor and SBA-15 as the mesoporous material since 
SBA-15 has uniform channels systematically varying from 50 to 300Å, and higher 
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hydrothermal stability than MCM-41 [14, 15]. N2 isotherms, XRD, XPS, TPR and TPD 
were applied to characterize the structural properties of SnO2/SBA-15 composites. 
 
4.2 Experimental 
Synthesis of SBA-15 follows literature procedure [16]. In a typical synthesis, 1 g of 
triblock polymer Pluronic 123 [(EO)20(PO)70(EO)20, Aldrich] was dissolved in 20 g of de-
ionized water under stirring. After the polymer has been dissolved, 15 g of 2 N HCl 
solution and 2.15 g of tertraethyl orthosilicate (TEOS, Aldrich) were added to the 
homogeneous solution. This gel was continuously stirred at 40°C for 24 hours, and then 
crystallized in a polypropylene bottle at 100°C for 2 days. After crystallization, the solid 
product was centrifuged, filtered, washed with de-ionized water, and dried in air at 100°C. 
Finally it was calcined in air at 600°C for 10 hours to decompose the surfactant and a 
white powder (SBA-15) was obtained.  
For the preparation of SnO2/SBA-15 composites, SnCl2ּ2H2O (Aldrich) was 
dissolved in 20 ml of 0.5 N HCl solution. After stirring for 30 mins, SBA-15 was added to 
the solution and stirring was continued for another 6 hours. The temperature of this 
solution was then raised to 100°C to remove the water. Finally the sample was calcined at 
700°C in air for 4 hours at a heating rate of 10°C/min to oxidize SnCl2 to SnO2. These 
samples are referred as SnO2(X)/SBA-15, where X stands for the mass ratio of SnO2 in the 
composite. Pure SnO2 in the absence of SBA-15 was synthesized using the same method. 
Characterization methods include X-Ray Diffraction (XRD), N2 adsorption-desoption 
isotherms, X-ray photoelectron spectroscopy (XPS), FESEM, TEM, O2-TPD and TPR. H2 
and CO at a concentration of 1000 ppm were used as the probing gases for the sensing test.  
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4.3 Results and Discussion 
4.3.1 Structural characterizations  
Fig. 4.1a shows the small-angle XRD patterns of pure SBA-15 and SnO2/SBA-15 
composites. Even when the mass ratio of SnO2 is as high as 60%, SnO2/SBA-15 
composite also exhibits a very similar pattern as that of pure SBA-15 with well-resolved 
diffraction peaks which are indexed to the (100), (110) and (200) reflections of two-
dimensional hexagonal mesostructure of space group P6mm [16, 17]. This result indicates 
that, even at a high loading of SnO2, mixing and calcination would not destroy the 
mesoporous structure of SBA-15. Although the intensity of (100) diffraction peaks 
decreases slightly with the increasing amount of SnO2, its 2θ angle is kept quite constant. 
The d-spacing, which can be calculated from the corresponding 2θ value, does not shift 
with the increasing amount of SnO2, suggesting that the d100 spacing has not been affected 
by the incorporation with SnO2.  
1 2 3 4 5
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a. SBA-15
b. SnO2 (35 wt%)/SBA-15
c. SnO2 (40 wt%)/SBA-15
d. SnO2 (50 wt%)/SBA-15
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Fig. 4.1a Small-angle XRD patterns of SBA-15 and SnO2/SBA-15 composites. 
 Chapter 4. Synthesis, characterization and sensing properties of SnO2 nanocrystal with SBA-15 as support 
as highly sensitive semiconductor gas sensors 
65 
The wide-angle XRD patterns of SnO2/SBA-15 samples in Fig. 4.1b display well-
resolved diffraction peaks for the SnO2 nanocrystals that can be indexed to a tetragonal 
structure (a = 0.47 nm, c = 0.32 nm, JCPDS No: 41-1445) [18], and the broad nature of 
the XRD peaks indicates the presence of very small crystallites of SnO2, suggesting that 
SBA-15 not only acts as a support, but also inhibits crystallite growth during calcinations 
[21, 24]. The particle sizes of SnO2 crystals calculated by the Scherer equation are 
summarized in Table 5.1. It could be clearly found that the nano-sized SnO2 particles have 
been synthesized, and SnO2 particle size becomes larger with the increasing SnO2 loading 
in the composites. 
 



























a. SnO2 (35 wt%)/SBA-15
b. SnO2 (40 wt%)/SBA-15














Fig. 4.1b Wide-angle XRD patterns of SnO2/SBA-15 composites. 
 
Fig. 4.2 presents the N2 adsorption-desorption isotherms of pure SBA-15 and 
SnO2/SBA-15 with varying amounts of SnO2 loading. All SnO2/SBA-15 samples show the 
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same type IV isotherms with H1 hysteresis loops which are typical for mesoporous 
materials with two-dimensional hexagonal structures [16], and the capillary condensation 
for mesopores are all in the same range of P/Po = 0.45 ~ 0.8, suggesting that the 
mesoporous structure of SBA-15 has been retained. The textural properties of pure SBA-
15 and SnO2/SBA-15 composites are summarized in Table 4.1. Textural properties such as 
specific surface area, pore diameter and pore volume of SnO2/SBA-15 composites 
systematically decrease with increasing amount of SnO2. However, the decreasing amount 
of surface area and pore volume are not directly proportional to the amount of SnO2, 
which may be attributed to pore blockage by SnO2 particles [19, 20]. Meanwhile, the pore 
diameter also decreases in SnO2/SBA-15. Since the d100 spacing of SBA-15 has not been 
affected after mixing with SnO2, the decrease of pore diameter indicates that the pore wall 
becomes thicker, showing that some SnCl2 have entered into the mesopores and 
nanocrystals of SnO2 have grown on the internal surface of SBA-15. However, when the 
amount of SnO2 is increased from 35% to 60%, the pore diameter keeps about the same, 
suggesting that most of SnO2 have been coated on the external surface of SBA-15 since 
the inorganic precursors tend to be adsorbed on the external surface of the silica [6, 21].  
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Fig. 4.2 N2 adsorption-desorption isotherms of SBA-15 and SnO2/SBA-15 composites (a) 
pure SBA-15, (b) SnO2(35%)/SBA-15, (c) SnO2(40%)/SBA-15, (d) SnO2(50%)/SBA-15 
and (e) SnO2(60%)/SBA-15. 
 










Pure SBA-15 - 850 86 1.2 
SnO2(35%)/SBA-15 6.2 480 80 0.68 
SnO2(40%)/SBA-15 6.5 464 82 0.66 
SnO2(50%)/SBA-15 7.2 409 80 0.50 
SnO2(60%)/SBA-15 7.8 285 79 0.43 
a: particle size calculated by the Scherer equation; b: surface area calculated by the BET 
method; c: pore size calculated from the adsorption branch using BJH method; d: total 
pore volume calculated at P/Po=0.998. 
 
Fig. 4.3 shows the SEM images of SBA-15 and SnO2/SBA-15. Fig. 4.3a clearly shows 
the SEM image of pure SBA-15 with small gaps on the outer surface of SBA-15 [22, 23]. 
After SnO2 has been mixed with SBA-15, the external surface of SBA-15 is fully covered 
by SnO2 nanoparticles with a diameter of around 10 nm, which is consistent with XRD 
results. Strong signals of tin and silicon elements are detected by EDXS, indicating that 
SnO2 has been supported on the mesoporous SBA-15 silica material. The TEM image of 
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the SBA-15 in Fig. 4.3d shows large, ordered domains with ordered, strip-like channels, 
which are the characteristic (001) direction of the one-dimensional channels templated by 
the block copolymer P123 [21]. The channel is clearly observed in SnO2(40%)/SBA-15 
(Fig. 4.3e), suggesting that the high incorporation of SnO2 does not destroy the long-range 
order of the mesopores [17]. 
Xu et al [24] studied SnO2/NaY zeolite composites by using impregnation of SnCl2 
solution on NaY zeolite and nano-sized SnO2 particles were formed on the outer surface 
of zeolite. It was explained that the formation of SnO2 nano-particles was a process of 
heterogeneous nucleation and growth, and the surface of zeolite played a role in the 
heterogeneous nucleus, which greatly increased the possibility of forming SnO2 nano-
particles on the surface of zeolite. Since SBA-15 is a mesoporous material with highly-
ordered mesopores and larger surface area, the surface of SBA-15 could also be used as 
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Fig. 4.3 (a) Field-Emission SEM image of SBA-15, (b) Field-Emission SEM image of 
SnO2 (40%)/SBA-15, (c) EDX spectrum of SnO2 (40%)/SBA-15, (d) TEM image of SBA-
15 and (e) TEM image of SnO2 (40%)/SBA-15. 
 
It is believed that host-guest interaction plays an important role in the high loading of 
metal oxide in SBA-15 [6]. This host-guest interaction has also been observed in Fig. 4.4, 
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different amount of SnO2. When the amount of SnO2 is 35%, the binding energy of Sn 3d 
is 487.5 eV; as the content of SnO2 in SnO2/SBA-15 is increased to 60%, the binding 
energy is shifted to 487.1 eV, which is closer to that of bulk SnO2 (486.4 eV) [25]. This 
result shows that the position of the peaks shifts systematically with the Sn/Si ratio, and 
the binding energy decreases gradually to the value of bulk SnO2 with the increasing 
amount of Sn [26]. It has been suggested [26] that, during the initial stages of deposition, 
small nanoparticles of an oxide material are formed and they strongly interact with another 
oxide of different nature. Furthermore, this interaction has been simulated using molecular 
orbital calculation with cluster models and the effect of SiO2 support on increasing the 
binding energy of Sn was confirmed [26]. 
















Fig. 4.4 Sn3d photoelectron peaks in SnO2/SBA-15 composites for different Sn/Si ratios 
as measured by XPS (a) SnO2(35%)/SBA-15, (b) SnO2(40%)/SBA-15, (c) 
SnO2(50%)/SBA-15 and (d) SnO2. 
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4.3.2 Sensing test 
Fig. 4.5a shows the sensitivity of pure SnO2 sensor to 1000 ppm of H2 and 1000 ppm 
of CO. Since the response of the sensor’s resistance to on/off switching of the target gases 
is practically too slow at temperatures lower than 250°C, the sensing temperatures above 
250°C have been chosen in our investigation. The maximum sensitivity of the pure SnO2 
sensor to 1000 ppm of H2 and 1000 ppm of CO are 37 and 21, respectively [13, 27]. 
However, after SBA-15 has been introduced as the sensor support, the sensing properties 
differ significantly as shown in Fig. 4.5b. The SnO2 (40%)/SBA-15 sensor displays a 
significant enhancement of sensitivity to H2, especially at 250°C where the sensitivity of 
the composite gas sensor to 1000 ppm of H2 reaches as high as 1400, which is more than 
40 times more sensitive than that of the pure SnO2 sensor. It should also be noted that the 
optimum sensing temperature where the sensitivity is maximum for the SnO2(40%)/SBA-
15 sensor is around 250°C [28, 29], which is lower than that of the pure SnO2 sensor. 
Furthermore, when CO is used as the probing gas, similar results are obtained: the 
maximum sensitivity of SnO2(45%)/SBA-15 to 1000 ppm of CO has been improved to 
300, which is around 15 times more sensitive than that of the pure SnO2 sensor, and the 
optimum sensing temperature is around 250°C, which is also lower than that of the pure 
SnO2 sensor (around 350°C).  
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Fig. 4.5b Change of resistance in dry air and in (a) 1000 ppm of H2 by 
SnO2(40%)/SBA-15 sensor and (b) 1000 ppm of CO by SnO2(45%)/SBA-15 sensor at 
different operating temperatures. 
 
Fig. 4.6 shows the effect of the amount of SnO2 on the gas sensitivities of SnO2/SBA-
15 composite sensor at 250°C. It can be clearly seen that there is an optimum amount of 
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SnO2 where the sensitivity reaches the maximum value, since the sensing properties could 
be attributed to the coordination of SBA-15 and the metal oxide incorporated [30], and 
SnO2 (40 %)/SBA-15 composite sensor has been found to have the highest H2 sensitivity. 
Similar results are observed for the SnO2 (45%)/SBA-15 composite gas sensor, which has 
the maximum sensitivity to CO. 
For comparison, mechanical mixtures of SnO2 with SBA-15 are also prepared 
following literature method [13]: pure SnO2 and SBA-15 were mechanically mixed 
together, followed by grinding the mixtures thoroughly in mortar. Sensing properties of 
sensors prepared from the mechanical mixture of SnO2 with SBA-15 are presented in Fig. 
4.6. It could be clearly seen that the sensor prepared from nano SnO2/SBA-15 composite 
possesses much higher sensitivity than that of the sensor prepared from the mechanical 
mixture of SnO2 with SBA-15. This result shows the importance of preparation method in 
influencing the property of gas sensors as the SnO2/SBA-15 composites sensor and the 
sensor prepared from the mechanical mixture of SnO2 with SBA-15 have the same 
components but different gas sensing properties. 
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Fig. 4.6 Effect of SnO2 content on the sensitivity at 250oC of SnO2/SBA-15 sensors to 
1000 ppm of H2 and 1000 ppm of CO. 
 
4.3.3 Role of surface adsorbed oxygen 
It is well known that the surface adsorbed oxygen plays an important role during the 
sensing process [31] because the conductivity of SnO2 is mainly determined by the 
presence of singly charged oxygen vacancies [32]. When oxygen adsorbs on the surface of 
a semiconductor, negatively charged oxygen species are formed. The ion-sorption of 
oxygen causes electron transfer from the surface of the grain to the adsorbed species, 
leading to the formation of an electron-depleted surface layer. As a result, the electrical 
conductivity decreases. After reducing gas has been introduced to the metal oxide sensor, 
the gas would react with the adsorbed oxygen ion so that the electron would be released 
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into the bulk of metal oxide to increase the electrical conductivity. From the change of 
conductivity, the reducing gas could be sensed. 
It has been proposed that adsorbed oxygen changes to various oxygen anion species 
transferring an electron from SnO2 to the chemisorbed oxygen [33], and thermal 
desorption studies of oxygen from SnO2 powder in a flow of helium or nitrogen showed 
oxygen desorption peaks between 100°C and 500°C and a constant increase in oxygen 
desorption above 600°C [34, 35]. Saukko et al also found that desorption of oxygen from 
SnO2 at high temperature (> 450°C) could even increase the surface conductance [36]. 
In order to study the surface adsorbed oxygen on SnO2/SBA-15 composite, O2-TPD 
and TPR have been performed. Fig. 4.7a shows the O2-TPD profiles of different samples. 
Pure SnO2 shows a small peak at around 550°C [36]. However, the spectra of SnO2/SBA-
15 composites show enhanced magnitudes as well as the shift of desoprtion temperature to 
lower region.  
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Fig. 4.7a O2-TPD profiles of (a) SBA-15, (b) SnO2 (40%)/SBA-15, (c) SnO2 (50%)/SBA-
15, (d) SnO2 (60%)/SBA-15 and (e) SnO2. 
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Fig. 4.7b Relative Intensity of adsorbed oxygen and oxygen desorption temperature on 
different SnO2/SBA-15 composites. 
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After nano-crystal of SnO2 has been grown on SBA-15 support, the area of oxygen 
desorption peak is larger than that of pure SnO2, indicating that the amount of adsorbed 
oxygen has been increased. It is generally accepted that the interfacial interaction between 
solid interfaces greatly influences the surface structure and consequently the distribution 
of the various surface sites [26], and XPS characterization has shown the existence of 
interaction between Sn and the support. Since the interaction causes charge imbalance, 
structural defects appear, leading to the formation of some sites that can adsorb oxygen 
dissociatively, and the formation of some sites that can adsorb more oxygen [37]. 
Furthermore, the retainment of mesoporous structure of SBA-15 can also provide more 
active sites because of its high surface area. With the increasing amount of SnO2, the 
desorption temperature gradually shifts to higher region and oxygen desorption area 
decreases (Fig. 4.7b). This is because SnO2 gradually dominate the process of oxygen 
adsorption and desorption, thus the oxygen desorption profile should be closer to that of 
bulk SnO2. 
 Fig. 4.8 shows the TPR profiles of pure SnO2 and SnO2/SBA-15 composites. Pure 
SnO2 shows a peak centered at 760°C, which has been assigned to the reduction of SnO2 
to metallic Sn [38]. However, its broadened and un-symmetric shape implies that it 
actually consists of more than one peak, which may correspond to more than one stage of 
reduction from Sn4+ to Sn0 because the reduction of Sn2+ to metallic Sn is kinetically 
slower than the reduction of Sn4+ to Sn2+. In contrast, the reduction temperature for all 
SnO2/SBA-15 composites starts from 200°C [37]. Since no detectable H2 uptake has been 
observed for the SBA-15 support, all the TPR peaks should be attributed to the reduction 
of SnO2. O2-TPD results have shown that the surface adsorbed oxygen could be desorbed 
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at lower temperature on SnO2/SBA-15 composites. Furthermore, Wang and Xie also 
found that [39], on SnO2−based oxides, the adsorbed oxygen species corresponding to the 
low temperature peaks could be reduced by CH4 at around 400°C. Therefore the low 
temperature TPR peaks observed at around 200°C should be attributed to the reaction 
between H2 with surface oxygen species adsorbed on SnO2/SBA-15 composites, 
indicating that these adsorbed oxygen species could activate H2 in the lower temperature 
region. Simultaneously, the high temperature reduction peaks shift to lower region, 
suggesting that a broad spectrum of SnO2 species, presumably of different cluster sizes, 
exists on SnO2/SBA-15 composites. With the increasing amount of SnO2, the high 
temperature peak shifts to high region, indicating that the particle size becomes bigger, 
which is well consistent with the wide angle XRD results. 






a. SnO2 (35 wt%)/SBA-15
b. SnO2 (40 wt%)/SBA-15















Fig. 4.8 TPR profiles of SnO2 and SnO2/SBA-15 composites. 
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Therefore, after SnO2 has been mixed with SBA-15, the amount of adsorbed O2 on 
SnO2/SBA-15 is larger than that on pure SnO2, showing that more oxygen ion would take 
part in the reaction and more electrons could be released into the bulk of SnO2. Therefore, 
the change of conductivity before and after the reducing gas is introduced should be 
higher compared with pure SnO2 sensor, leading to a higher sensitivity. Furthermore, the 
O2 desorption peak appears at around 200°C, which is much lower than that of pure SnO2, 
and these negative charged oxygen adsorbates on the surface of SnO2/SBA-15 are able to 
be consumed by H2 or CO at lower temperature, as shown in TPR results. Hence the 
maximum sensitivities of SnO2/SBA-15 sensors appear at lower temperature. 
Comparing the results in Fig. 4.6 and Fig. 4.7b, it could be clearly seen that the 
correlation between the sensitivity of SnO2/SBA-15 composite sensors and SnO2 content 
in SnO2/SBA-15 follows the same trend as that between the amount of adsorbed oxygen 
and SnO2 content. Furthermore, the amount of adsorbed oxygen is greatly enhanced when 
the content of SnO2 in the composites is between 40% and 50%, which is also the 
composition range where the sensitivities of SnO2/SBA-15 composite sensors have been 
greatly improved. On the basis of these results, it can be concluded that the adsorbed 
surface oxygen species plays an important role in determining the sensing properties of 
SnO2/SBA-15 composite gas sensors. 
The effect of nanosized SnO2 particle should not be neglected in the improvement of 
the sensing properties since XRD and SEM results have shown the formation of nano-
sized SnO2 particles on the surface of SBA-15. A lot of experiments have proven that the 
gas sensitivity increases with the decrease of crystallite size in the range below 10 nm 
since the whole resistance and sensitivity of the senor are controlled by grains themselves, 
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inducing an inverse relationship between particle size and gas sensitivity, with smaller 
particles producing higher sensitivity [40]. 
It should also be noted here that the improvement of H2 sensitivity is higher than that 
of CO sensitivity, suggesting a higher selectivity of H2 has been obtained. The reason may 
be due to the difference in the diffusion of H2 and CO into the pore structure of SBA-15 
since H2 molecules diffuse much faster in porous materials than larger molecules [9, 12]. 
 
4.4 Conclusions 
Highly sensitive SnO2/SBA-15 composites have been successfully prepared by wet 
impregnation of SnCl2 on mesoporous SBA-15. The sensors prepared from these 
SnO2/SBA-15 composites show remarkably-enhanced sensitivities to reducing gases 
compared with pure SnO2 gas sensor. The highest sensitivity of SnO2/SBA-15 composite 
gas sensor to 1000 ppm of H2 can reach 1400, almost 40 times higher than that of pure 
SnO2 gas sensor, and moderate enhancement of CO sensitivity is also achieved. Moreover, 
the optimum sensing temperatures for both H2 and CO also shift to lower region. O2-TPD 
shows that the amount of surface adsorbed oxygen are enhanced due to the interaction 
between Sn and SBA-15, and the increased amount of surface adsorbed oxygen species is 
found to play a major role in enhancing the sensing properties of such a composite gas 
sensor. 
The results show the great potential of employing a material with high BET surface 
area and uniform nanopore as a sensor support to enhance the sensitivities of 
semiconductor oxide gas sensor for future sensing application. In next chapter CVD will 
be applied to prepare SnO2 supported on SBA-15 to study another mixing method. 
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Chapter 5. Chemical vapour deposition of Sn(CH3)4 on 
mesoporous SBA-15 support: preparation and sensing 




SnO2/SBA-15 composites gas sensors have been prepared by chemical vapour 
deposition (CVD) of tetra-methyl tin (Sn(CH3)4) as the tin precursor on mesoporous SBA-
15 support. This CVD-prepared SnO2/SBA-15 composite gas sensor has been investigated 
by XRD, N2 isotherms and X-ray photoelectron spectroscopy (XPS). The characterization 
results show that the mesoporous structure of SBA-15 is well preserved during CVD 
process, and the amount of surface adsorbed oxygen species on SnO2/SBA-15 is increased. 
The SnO2/SBA-15 composites are subsequently tested as sensing materials for gas 
detection. A satisfactory sensor performance is obtained for the reducing gases, and the 
highest sensitivity to 1000 ppm of H2 by SnO2/SBA-15 composite gas sensors can reach 
as high as 1050, almost 30 times higher as compared to that of pure SnO2 sensor.  
 
5.1 Introduction 
Recently, with the successful application of mesoporous material in different area [1, 
2], mesoporous materials have received more and more attention to enhance the sensitivity 
of metal oxide gas sensors [3, 4]. Besides synthesizing mesoporous metal oxide following 
the method of mesoporous silica materials [5], supporting metal oxide on mesoporous 
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material can be another effective way in enhancing the sensing properties since it has been 
found that mechanically mixing mesoporous material with SnO2 could increase the 
sensor’s sensitivity drastically [6].  
There are many different methods that could be applied to support metal oxide on 
mesoporous materials, such as reactive radio-frequency magnetron sputtering [7], pulsed 
laser deposition [8], and chemical vapour deposition (CVD) [9]. Among these different 
methods, CVD is an advantageous technique since it is easy for scale up. Furthermore, if 
the deposition process is kinetically controlled, CVD can be used to deposit films with 
homogenous thickness on complex substrates with high aspect ratio geometries [10].  
Tin dioxide has been used as the sensor material as it is an n-type wide gap 
semiconductors oxide widely investigated for various gas sensing applications [11-13]. 
Furthermore, SnO2 thin films also have interesting applications in ion-sensitive field-
effect transistors [14], dye-sensitized solar cells [15], solar selective reflectors for 
photovoltaics [16], and lithium ion batteries [17]. For the chemical vapor deposition of 
SnO2, different tin-containing precursors could be employed, such as SnCl4 [18], SnI4 [19], 
dibutyl tin diacetate [20], tetramethyl tin or tetraethyl tin [21] and the oxygen precursors 
have been H2O [19] or O2 [22]. Tetra-methyl tin (Sn(CH3)4) has been selected in our study 
as the tin precursor to be deposited on mesoporous SBA-15 support. The sensors made 
from SnO2 deposited on SBA-15 are subsequently tested for detection of H2 and CO. 
 
5.2 Experimental 
SBA-15 was synthesized following the procedure reported in the literature [23], which 
has been described in chapter 4 of this thesis. For chemical vapor deposition, 0.15 g of 
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SBA-15 was placed in a horizontal quartz tube. The SBA-15 support material in the quartz 
tube was then heated in a furnace to 600°C in pure helium flow (6 ml/min) with a heating 
rate of 10°C/min and the temperature was kept at 600°C for 30 mins. Subsequently, after 
decreasing the temperature to the desired deposition temperature, a helium flow (6 ml/min) 
containing tetramethyl tin (TMT) vapor from a liquid bubbler was passed through the 
quartz tube, and pure O2 was used as the oxygen source. At the end of the CVD reaction, 
the quartz tube was then heated to 700°C in oxygen to calcine the as-prepared sample for 
2 hours. Table 5.1 shows the typical CVD condition used to deposit SnO2 on SBA-15. 
When the deposition temperature was lower than 350°C, the CVD process became so slow 
that the CVD temperature above 350°C has been chosen in this work. The prepared 
samples are expressed as SnO2/SBA-15(D-T), where D stands for the deposition time 
(minutes), and T stands for the deposition temperature (°C). 
XRD, N2 adsorption-desoption isotherms, XPS, O2-TPD and TPR have been used to 
characterize the composite gas sensor material prepared by CVD. The SnO2 content in the 
composite gas sensors were measured by ICP. H2 and CO at a concentration of 1000 ppm 
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Table 5.1 Typical SnO2 growth conditions. 
Total Pressure ~1atm 
He flow through the TMT 6 cm3/min 
O2 flow 50 cm3/min 
Temperature of TMT 0°C 





Fig. 5.1 Schematic drawing of the chemical vapour deposition setup 
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Fig. 5.2 Small-angle XRD patterns of (a) SBA-15, (b) SnO2 /SBA-15(90-400) and (c) 
SnO2 /SBA-15(90-350). 
 
Fig. 5.2 shows the small-angle XRD patterns of pure SBA-15 and SnO2/SBA-15. 
SnO2/SBA-15 composites have similar XRD patterns as that of pure SBA-15 [23], 
showing the preservation of the mesoporous structure of SBA-15 sensor support. In 
addition, the 2θ angles of the main XRD peaks are kept the same, indicating that the d100 
spacing of SBA-15 is not affected by the deposition of SnO2.  
The wide-angle XRD patterns of SnO2/SBA-15 composites prepared at different CVD 
temperature are shown in Fig. 5.3. The three peaks indexed to the (110), (101) and (211) 
diffraction planes of the tetragonal lattice of SnO2 [13] show that SnO2 has been 
successfully deposited through CVD on the SBA-15 support. SnO2/SBA-15(90-350) has 
broader peaks than SnO2/SBA-15(90-400), indicating that the grain size of SnO2 deposited 
on SBA-15 at 350°C is smaller than that deposited at 400°C, and the average particle size 
of SnO2 deposited at 350°C is estimated to be ~10 nm using the Debye–Scherrer formula. 
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a deposited at 400oC











Fig. 5.3 Wide-angle XRD patterns of SnO2/SBA-15 deposited at different temperature. 
 
Fig. 5.4 shows the N2 adsorption-desorption isotherms of SBA-15 and SnO2/SBA-
15(90-350) composite. Pure SBA-15 yields a type IV isotherm with a H1 hysteresis loop, 
which is typical for a mesoporous material. After SnO2 has been deposited on SBA-15, the 
isotherm of SnO2/SBA-15 still keeps a similar pattern as that of SBA-15, suggesting that 
the mesoporous structure of SBA-15 has been reserved after the CVD process. 
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Fig. 5.4 N2 adsorption-desorption isotherms of (a) SBA-15 and (b) SnO2 /SBA-15 (90-
350). 
 
Table 5.2 lists the ICP results of the contents of SnO2 deposited on SBA-15 at 
different CVD treatment time as well as the textural properties of SBA-15 and SnO2/SBA-
15 composite gas sensor. The decrease of pore size with the increase of SnO2 content 
indicates that some tin precursor has entered into the pore of SBA-15 during the CVD 





 Chapter 5. Chemical vapour deposition of Sn(CH3)4 on mesoporous SBA-15 support: preparation 
and sensing properties of SnO2/SBA-15 composite gas sensors 
92 
Table 5.2 Texture properties of SBA-15 and SnO2/SBA-15 composites. 
Texture properties 
Sample ID Content of SnO2 
a 
(mass) Surface area b 
(m2/g) 
Pore size c 
( Å) 
Pore volume d 
(cm3/g) 
Pure SBA-15 0 879 86 1.2 
SnO2/SBA-15(60-350) 37% 491 81 0.70 
SnO2/SBA-15(90-350) 44% 460 81 0.59 
SnO2/SBA-15(120-350) 50% 392 79 0.49 
SnO2/SBA-15(150-350) 58% 310 80 0.41 
SnO2/SBA-15(90-400) 42% 449 80 0.63 
a: measured by ICP; b: surface area calculated by the BET method; c: pore size calculated 
from the adsorption branch using BJH method; d: total pore volume calculated at 
P/Po=0.998. 
 
Fig. 5.5 presents the Sn 3d photoemission peaks of SnO2 deposited on SBA-15. The 
spin-orbit splitting of the Sn 3d peak of pure SnO2 is located at the binding energy (BE) of 
486.4eV [25]. After SnO2 has been deposited on SBA-15 at either 350°C or 400°C, the 
binding energy of the Sn 3d peak is increased to 487 eV, which is about 0.6 eV higher 
than that of the Sn 3d peak of pure SnO2, indicating the existence of the interaction 
between SnO2 and SBA-15. This result shows that, during chemical vapor deposition 
process, nanoparticles of SnO2 not only were formed on the surface of SBA-15 but also 
interacted strongly with the silica support [26]. 
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Fig. 5.5 Sn 3d photoelectron peaks in different SnO2 samples.  
 
Fig. 5.6a shows the O2-temperature programmed desorption (TPD) profiles of SnO2 
and SnO2/SBA-15 composites prepared at different CVD temperatures. Pure SnO2 has a 
small O2-TPD peak at about 550°C [27]. However, both SnO2/SBA-15(90-350) and 
SnO2/SBA-15(90-400) have an O2-TPD peak between 200°C and 500°C, and the 
intensity of this peak is also higher than that of pure SnO2. It has been proposed that 
adsorbed oxygen species can change to various oxygen anion species by transferring an 
electron from SnO2 to the chemisorbed oxygen species [28, 29]. After SnO2 has been 
deposited by CVD on the SBA-15 support, the area of the O2 desorption peak of 
SnO2/SBA-15 is larger than that of pure SnO2, suggesting that the amount of surface 
adsorbed oxygen species has been increased on SnO2/SBA-15. Since XPS results (Fig. 
5.5) shows that there is an interaction between Sn and SBA-15, therefore, charge 
imbalance and structural defects take place on SnO2/SBA-15, leading to the formation of 
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some sites that could adsorb oxygen dissociatively to form more surface adsorbed 
oxygen species on SnO2/SBA-15 [30].  












Fig. 5.6a O2-TPD profiles of (a) SnO2, (b) SnO2/SBA-15(90-350) and (c) SnO2/SBA-
15(90-400).  
 
Fig. 5.6b shows the temperature programmed reduction (TPR) profiles of pure SnO2 
and SnO2/SBA-15(90-350) composites. Pure SnO2 shows a peak centered at 760°C, which 
has been assigned to the reduction of SnO2 to metallic Sn [30]. In contrast, the reduction 
temperature for SnO2/SBA-15 composite starts from 200°C. Since no detectable H2 uptake 
has been observed for the SBA-15 support, all the TPR peak should be attributed to the 
reduction of SnO2. O2-TPD results have shown that the surface adsorbed oxygen could be 
desorbed at lower temperature on SnO2/SBA-15 composites, and the low temperature TPR 
peaks observed at around 200°C should be attributed to the reaction between H2 with 
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surface oxygen species adsorbed on SnO2/SBA-15 composites, indicating that these 
adsorbed oxygen species could activate H2 in lower temperature region [30]. 
Simultaneously, the high temperature reduction peaks shift to lower region, suggesting 
that different cluster sizes exist on SnO2/SBA-15(90-350) composite.  













Fig. 5.6b TPR profiles of SnO2 and SnO2/SBA-15 (90-350) composite 
 
Fig. 5.7 shows the sensitivities of pure SnO2 sensor and SnO2/SBA-15 composite gas 
sensors to H2. The maximum sensitivity of SnO2 sensor to 1000 ppm of H2 is about 37, 
which is similar to the literature result [31]. However, all SnO2/SBA-15 sensors show 
great enhancement of sensitivity to H2. The maximum sensitivity of SnO2/SBA-15(90-350) 
to 1000 ppm of H2 can reach as high as 1050, which is about 30 times higher than that of 
the pure SnO2 sensor, and the maximum sensitivity of SnO2/SBA-15(90-400) to 1000 ppm 
of H2 could also reach 560. It is worthy to note that the optimum temperature required for 
the maximum sensitivity of both SnO2/SBA-15 sensors shifts to around 250°C [32, 33], 
which is lower than that of pure SnO2 sensor.  
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Fig. 5.7 Correlation between temperature and sensitivity to 1000 ppm of H2 by (a) 
pure SnO2 sensor, (b) SnO2/SBA-15 (90-400) sensor and (c) SnO2/SBA-15(90-350) 
sensor. 
 
Fig. 5.8 shows the effect of deposition temperature and deposition time on the 
sensitivity of SnO2/SBA-15 composite gas sensors to 1000 ppm of H2. The SnO2/SBA-
15(90-350) sensor possesses better sensitivity to H2 than the SnO2/SBA-15(90-400) sensor. 
The sensitivity of both SnO2/SBA-15 composite gas sensors reaches a maximum at the 
deposition time of around 100min, and then decreases with deposition time. 
 Chapter 5. Chemical vapour deposition of Sn(CH3)4 on mesoporous SBA-15 support: preparation 
and sensing properties of SnO2/SBA-15 composite gas sensors 
97 









 deposited at 350 oC













Fig. 5.8 Effect of deposition time on the sensitivities of SnO2/SBA-15 sensors to 1000 
ppm of H2 and CO at 250°C. 
 
Using CO as the probing gas, similar results are obtained: SnO2/SBA-15(90-350) 
sensor has better sensitivity to 1000 ppm of CO than SnO2/SBA-15(90-400) sensor, and 
the maximum sensitivity of SnO2/SBA-15(90-350) to 1000 ppm of CO could reach 132. 
The optimum temperature is 250°C, which is also lower than that of pure SnO2 sensor 
(around 350°C). 
It is well known that the surface adsorbed oxygen species plays an important role 
during the gas sensing process [32]. The O2-TPD result has shown that after SnO2 has 
been deposited on SBA-15, the amount of adsorbed O2 species on SnO2/SBA-15 has been 
increased, indicating a higher amount of oxygen anionic species would take part in the 
surface reaction to release more electrons into the bulk of SnO2. Therefore, the change of 
conductivity of the SnO2/SBA-15 composite gas sensor before and after the introduction 
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of the reducing gas should be higher than that of pure SnO2 sensor, resulting in the higher 
sensitivity of SnO2/SBA-15 composite sensor than that of pure SnO2 sensor. Furthermore, 
the desorption of O2 starts at lower temperature (around 200°C), and these negatively-
charged oxygen adsorbates on the surface of SnO2/SBA-15 are able to react with H2 or 
CO at lower temperature as shown in TPR profile. So the maximum sensitivities of 
SnO2/SBA-15 appear at 250°C, which is lower than that of pure SnO2 gas sensor. 
Comparing Figs. 5.7 and 5.8 for the sensitivities of SnO2 prepared at different CVD 
temperature, it could be clearly seen that the SnO2/SBA-15(90-350) sensor possesses 
higher sensitivities than the SnO2/SBA-15(90-400) sensor, although both of them have 
similar O2-TPD profiles. The reason could be attributed  to - as shown by the XRD results 
-  the smaller particle size of SnO2 on the SnO2/SBA-15(90-350) than on the SnO2/SBA-
15(90-400) since the gas sensitivity increases with the decrease of crystallite size [6]. A 
comparison of Figs. 5.7 and 5.8 also show that the increase of sensitivity due to the 
increase of the amount of adsorbed oxygen species is much higher than the increase of 
sensitivity due to the nano-sized effect. 
 
5.4 Conclusions 
SnO2 have been successfully grown on the mesoporous SBA-15 supports by chemical 
vapour deposition (CVD) using tetra-methyl tin (Sn(CH3)4) as the tin precursor. XRD and 
N2 isotherms show that the mesoporous structure of SBA-15 is well retained during the 
CVD process. The O2-TPD results reveal that the amount of adsorbed oxygen species on 
the surface of the SnO2/SBA-15 composites gas sensors has been substantially increased. 
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The synthesized SnO2/SBA-15 composites have been successfully used as gas sensors for 
H2 and CO. The maximum sensitivity of SnO2/SBA-15(90-350) to 1000 ppm of H2 and to 
1000 ppm of CO has been improved to 1050 and 130, respectively. However, the 
SnO2/SBA-15 composite sensor prepared at higher CVD temperature has a lower 
improvement of sensitivity to H2 and CO. The increase of the sensitivity of SnO2/SBA-15 
composite sensor can be attributed to the increase of the amount of adsorbed oxygen 
species and to the effect of nanosized SnO2 particles embedded on the mesoporous SBA-
15 support. 
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Chapter 6. Effect of morphology of SiO2 supports on gas 





The effect of different morphology of SiO2 supports on the sensitivity of SnO2 gas 
sensors to H2 and CO has been investigated in this study. Nano-sized SnO2-silica 
composites are synthesized by wet impregnation of SnCl2 as tin oxide precursor on 
various SiO2 supports having different morphologies, such as microporous zeolite-Y, 
mesoporous MCM-41, mesoporous SBA-15 and SiO2 nanoparticles. TEM, XRD, N2 
isotherms, XPS and O2-TPD were used to characterize the structural properties of these 
SnO2/silica composites. All SnO2/silica composites gas sensors show increased 
sensitivities to H2 and CO compared with pure SnO2 gas sensor. SnO2/MCM-41 
composites sensor shows the highest sensitivity to H2 possibly due to the highest specific 
surface area of MCM-41. However although zeolite-Y also has large specific surface area, 
SnO2/zeolite-Y composite sensor has the lowest sensitivity, possibly due to the small pore 
size of zeolite-Y, hence making it difficult for SnO2 particle to grow inside the micropores 
of zeolite-Y. It is also found that the optimum content of SnO2 in these composites sensors 
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6.1 Introduction 
Nanoparticles have attracted great attentions of an increasing number of researchers 
from several disciplines in the last decade [1, 2]. Their extremely small size is responsible 
for the different properties (electrical, optical, magnetic, chemical and mechanical) 
compared to their bulk and micrometer-scale counterparts, and makes them suitable for 
novel applications. However, owing to the large surface area of metal oxide nanoparticles, 
these nanoparticles not only have the tendency to aggregate but also reveal weak thermal 
stability, which strongly affects their application; therefore binary oxides of metal oxide 
supported on SiO2 have been shown to be able to overcome these disadvantages [3].  
Silica-based nanocomposites and multicomponent nanoparticles have generated much 
interest in solar cells, gas sensors and conductive substrates as they have the potential for 
improving performances when compared to the single-component nanoparticles [4-7]. 
Special interest of studying SnO2/SiO2 system arose from the high UV photosensitivity of 
the material [8, 9], which allows the realization of several optical devices, mainly based on 
the principle of fiber Bragg gratings. Recently, composite materials combining SiO2 with 
SnO2 have also shown improvement in sensor performance [10, 11]. The properties 
associated with the size of nanoparticles of the mixed oxide phase may be affected by two 
interrelated factors: the changes in electronic structure induced by the particle size and the 
electronic and/or chemical interactions developed at the interface with the other oxide. It 
is generally accepted that the interfacial interaction between solid interfaces greatly 
influences the surface structure and consequently the distribution of the various surface 
sites [12]. 
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Chapters 4 and 5 have shown that the sensing properties of semiconductor oxide gas 
sensor can be tremendously improved by the modification of mesoporous silica material 
due to the increased amount of surface adsorbed oxygen. In this study, four different types 
of SiO2 materials are selected as the sensor supports to synthesize SnO2/silica composites 
gas sensors to study the effect of morphology of sensor supports on the sensing properties 
of semiconductor-oxide composite gas sensors. 
6.2 Experimental 
Nanosized SiO2 was fumed silica supplied by Aldrich, which has a surface area of 250 
m2/g and particle size of 20 nm. Zeolite-Y was supplied by Zeolyst International Company 
(PA, USA), with BET surface area of 650 m2/g and pore volume of 0.34 cm3/g. SBA-15 
was synthesized using the same method in Chapter 4. 
MCM-41 was synthesized following the literature procedure [13]: 2 g of NaOH was 
firstly dissolved in 90 g of de-ionized water. Silicate gel was prepared by adding 6 g of 
silica aerosol to the NaOH solution under stirring and heating till the aerosol was 
completely dissolved. A CTMABr solution (prepared by dissolving 9.1 g of CTMABr in 
50 g of de-ionized water) was added dropwise to the silicate gel under stirring at room 
temperature. The pH value of the solution was adjusted to 11.5 using 2 N HCl solution. 
After stirring continuously for an additional 6 hours at room temperature, the gel mixture 
was then transferred into a polypropylene bottle and statically heated at 100°C for 72 
hours. The resulting solid product was recovered by filtration, washed with de-ionized 
water, and dried at 50°C for 24 hours.  The as-synthesized sample was then calcined in air 
at 600°C for 10 hours, using a heating rate of 10°C/min. 
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Tin dichloride dihydrate (SnCl2ּH2O, Aldrich) was selected as the tin oxide precursor. 
SnO2/silica composite sensing materials were prepared by the standard wet impregnation 
technique. The required amount of tin dichloride was first dissolved in 20 ml of 0.5 N HCl 
solution. After stirring for 30 min, the SiO2 support was impregnated in the solution and 
stirring was continued for another 6 hours. The resulting mixture was then evaporated to 
dryness and the powder was further dried at 100°C for 10 hours, followed by calcination 
in air flow for 4 hours at 700°C. The resulting solids are referred to as SnO2(X)/S, where 
X stands for the mass ratio of SnO2 in the composite, and S stands for different silica 
support. 
Characterization methods include TEM, FE-SEM, X-Ray Diffraction (XRD), N2 
adsorption-desorption isotherms, X-ray photoelectron spectroscopy (XPS), and O2-TPD. 
H2 and CO at a concentration of 1000 ppm were used as the probing gases for sensing 
tests of these SnO2/silica composite gas sensors. 
 
6.3 Results and Discussion 
Fig. 6.1 shows the FE-SEM and TEM images of different silica supports. It can be 
clearly seen that the morphologies of these silica support differ a lot. The average particle 
sizes estimated from the microscopy images are 0.2-0.3 µm for zeolite-Y and 20~30 nm 
for SiO2. The FE-SEM image of MCM-41 shows the particle size of 0.4-0.5µm, 
surrounded by some smaller particles of the amorphous SiO2 particles [15]. The FE-SEM 
image of SBA-15 shows bundles of rope-like structures that aggregate into a 
microstructure with relatively uniform morphology and average diameters between 0.3 
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and 1.0 µm [16]. The specific surface areas of different silica supports used as the sensor 
support of this study are shown in Table 6.1. 
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Table 6.1 Physical properties of various SiO2 supports and SnO2/silica composites 
Texture properties 








∆BE of Sn 
(eV) 
Pure MCM-41 1218 27 1.0 - - 
SnO2(40%)/MCM-41 710 24.7 0.55 5 1.1 
SnO2(45%)/MCM-41 581 24.7 0.45 6.6 1.1 
SnO2(50%)/MCM-41 452 24.5 0.36 7.1 0.9 
Pure SBA-15 863 86 1.2 - - 
SnO2(35%)/SBA-15 480 80 0.68 6.2 1.1 
SnO2(40%)/SBA-15 464 82 0.66 6.5 0.7 
SnO2(50%)/SBA-15 409 80 0.50 7.2 0.6 
Pure zeolite-Y 640 - 0.39 - - 
SnO2(50%)/zeolite-Y 107 - 0.13 6.1 0.1 
SnO2(60%)/zeolite-Y 92 - 0.11 7.1 0 
SnO2(70%)/zeolite-Y 81 - 0.10 8.2 0 
Pure SiO2 235 - - - - 
SnO2(50%)/SiO2 140 - - 11.2 0.8 
SnO2(60%)/SiO2 122 - - 12.1 0.5 
SnO2(70%)/SiO2 92 - - 12.7 0.4 
 
 
Fig. 6.2a shows the small-angle XRD patterns of MCM-41 and SnO2/MCM-41. 
MCM-41 displays well-resolved (100), (110), and (200) peaks, demonstrating the 
presence of ordered 2D hexagonal pore arrays [13]. SnO2/MCM-41 exhibits very similar 
pattern as pure MCM-41 with well-resolved diffraction peaks, indicating that mixing and 
calcination do not destroy the mesoporous silica structure, and the characteristic 
hexagonal features of MCM-41 are still well maintained in SnO2/MCM-41 composite. Fig. 
6.2b shows the small-angle XRD patterns of SBA-15 and SnO2/SBA-15 composite. 
Similar to SnO2/MCM-41, SnO2/SBA-15 presents similar XRD pattern as that of pure 
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SBA-15 [14], suggesting that the mesoporous silica structure has also been preserved in 
SnO2/SBA-15 composite. In addition, the 2θ angles of the main diffraction peaks of both 
SnO2/MCM-41 and SnO2/SBA-15 are kept the same as their original supports, indicating 
that the d100 spacing of these mesoporous silica materials are also not affected by the 
incorporation with SnO2 through wet impregnation followed by high temperature 
calcinations in flowing air. 





















Fig. 6.2a Small-angle XRD patterns of (a) MCM-41 and (b) SnO2(40%)/MCM-41 




















Fig. 6.2b Small-angle XRD patterns of (a) SBA-15 and (b) SnO2(40%)/SBA-15 
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The wide-angle XRD patterns of SnO2 supported on different silica supports are 
shown in Fig. 6.3. All the sharp diffraction peaks are attributed to the structure of 
tetragonal SnO2 crystallites [17]. No new peak can be found in the XRD spectra, 
indicating that no new crystalline oxide formed between SnO2 and the silica supports [4]. 
The broad peaks suggest that all of these silica supports could inhibit the agglomeration of 
SnO2 particles to some extend during high temperature calcination [18], and the particle 
sizes of the supported SnO2 are summarized in Table 6.1. 






















Fig. 6.3 Wide-angle XRD patterns of SnO2 synthesized on different silica supports: (a) 
SnO2(40%)/MCM-41, (b) SnO2(40%)/SBA-15, (c) SnO2(50%)/zeolite-Y and (d) 
SnO2(50%)/SiO2. 
 
Fig. 6.4 shows the N2 adsorption-desorption isotherms of different silica supports and 
SnO2/silica composites. The isotherm of zeolite-Y is of type I isotherm and the 
adsorption-desorption isotherms almost overlap, indicating that zeolite-Y possesses open 
and uniform microporous channel systems [18]. Meanwhile, MCM-41 and SBA-15 yield 
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type IV isotherms with H1 hysteresis loops, which are typical for mesoporous materials 
[14, 15]. After SnO2 has been synthesized and supported on different silica supports, the 
isotherms of all SnO2/silica composites keep similar patterns as their original silica 
supports, suggesting the pore structure of the silica supports are reserved after 
incorporation with SnO2.  
Table 6.1 summarizes the textual properties of the pure silica supports and SnO2/silica 
composites. When MCM-41 is used as the silica support, its pore size decreases after 
SnO2 has been coated. Since the d100 spacing of MCM-41 is not affected by the chemical 
mixing with SnO2, the decrease in pore size shows that the pore wall of MCM-41 becomes 
thicker, indicating that some tin precursor has entered into the mesopores of MCM-41 
during impregnation and nanocrystals of SnO2 have then grown on the internal surface of 
MCM-41 mesopores during calcination. Similar results are obtained for SnO2/SBA-15 
composites. The pore diameter of SnO2/SBA-15 is about 5Å smaller than that of pure 
SBA-15, indicating that nanocrytals of SnO2 have grown on the internal surface of SBA-
15 mesopores. However, when zeolite-Y is used as the silica support, the specific surface 
area and pore volume of zeolite-Y decrease drastically after the incorporation of SnO2. 
Since zeolite is a microporous material, which has a pore size of only around 6Å, some 
SnCl2 could enter into the pore, but most of SnO2 particles would grow on the outer 
surface of zeolite-Y [18]; therefore, most of the micropores of zeolite-Y would then be 
blocked by SnO2 crystals, leading to the sharp decrease of the surface area and pore 
volume of zeolite-Y support. 
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Fig. 6.4 N2 adsorption-desorption isotherms of (a) SBA-15, (b) SnO2(40%)/SBA-15, (c) 
MCM-41, (d) SnO2(40%)/MCM-41, (e) zeolite-Y and (f) SnO2(50%)/zeolite-Y. 
 
Following the results in Chapters 4 and 5, XPS, O2-TPD and TPR are used to 
characterize the surface state of SnO2 in SnO2/silica composites. Fig. 6.5 shows the Sn 3d 
photoemission peaks of SnO2/MCM-41 having different SnO2 content. When the amount 
of SnO2 is 40 wt%, the bind energy of Sn 3d is 487.5eV; when the content of SnO2 is 
increased to 50 wt%, the binding energy of Sn 3d peak decreases to 487.3eV, which is 
close to that of bulk SnO2 (486.4eV) [19, 20]. The shift in the binding energy of Sn 3d 
peak suggests that there is an interaction between SnO2 and MCM-41. This is not 
surprising as it has been reported [21] that, at the initial stages of deposition process, small 
nanoparticles of an oxide material strongly interacted with another oxide of different 
nature.  
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Fig. 6.5 XPS of Sn 3d in pure SnO2 and different composites. 
 
Table 6.1 summarizes the binding energies of Sn 3d on different SnO2/silica 
composites. When SBA-15 or SiO2 are used as the sensor support, higher shifts of Sn 
binding energy are also observed, suggesting that there is strong interaction between SnO2 
and the support. However, when SnO2 is supported on zeolite-Y, there is almost no shift 
of the binding energy of Sn 3d peak. Since most of SnCl2 could not enter into the 
micropores of zeolite-Y, most of SnO2 nano crystallites have grown on the outer surface 
of zeolite-Y, causing fewer contacts between SnO2 and zeolite-Y support. 
The O2-TPD profiles of pure SnO2 and different supports are shown in Fig. 6.6a. Pure 
SnO2 shows a small peak at about 550°C [22]. MCM-41, SBA-15 and SiO2 almost do not 
show any peak, but zeolite-Y shows a desorption peak at 350-500°C which should be 
attributed to the presence of Al in zeolite-Y (The role of Al2O3 will be discussed in next 
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chapter.). However, after SnO2 has been synthesized on different silica supports, the 
desorption profiles differ greatly as shown in Fig. 6.6b. All the O2-TPD spectra of 
SnO2/SiO2, SnO2/MCM-41 and SnO2/SBA-15 composites have a distinct peak from 
200°C to 500°C, and the intensities of these peaks are also higher than that of pure SnO2. 
It has been proposed that oxygen can be chemisorbed on the surface of SnO2 [23, 24]. 
After SnO2 crystal grows on the silica support, the desorption peak shifts to lower 
temperature as compared to that of pure SnO2, and the area of the desorption peak is larger 
than that of pure SnO2, suggesting that the amount of surface adsorbed oxygen has been 
increased. XPS characterization has also shown that there was interaction between Sn and 
the silica support; as a result of this interaction, charge imbalance and structure defects 
take place at the interface, leading to the formation of some sites that can adsorb oxygen 
dissociatively, and thus forming more amount of active adsorbed oxygen species [25].  














Fig. 6.6a O2-TPD profiles of SnO2 and different silica supports: (a) SiO2, (b) MCM-41, (c) 
SBA-15, (d) zeolite-Y and (e) SnO2. 
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Fig. 6.6b O2-TPD profiles of different SnO2/silica composites: (a) SnO2(35%)/MCM-41, 
(b) SnO2(35%)/SBA-15, (c) SnO2(50%)/SiO2 and (d) SnO2(50%)/zeolite-Y 
 









where Adesorption is the relative increased desorption oxygen; Acomposite is the desorption area 
of SnO2/silica composite; support% and Asupport represent the weight percent of the support 
and  the desorption area of pure support, respectively, and ASnO2 represents the desorption 
area of pure SnO2. The correlation between Adesortion and SnO2 content is shown in Fig. 6.7. 
It can be clearly seen that SnO2/MCM-41 composite possesses the highest desorption area, 
followed by SnO2/SBA-15 and SnO2/SiO2, which are consistent with the magnitude of the 
supports’ surface area. Although SnO2/zeolite-Y shows a desorption peak from 350°C to 
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500°C, the value of Adesorption is very low, indicating that most of the desorbed oxygen 
species are from the zeolite support. The reason is attributed to the fact that SnO2 has been 
coated on the outer surface of zeolite-Y, and few interactions exist between SnO2 and 
zeolite due to the low-surface area of the outer surface of zeolite-Y. 


















Content of SnO2 (%)
 
Fig. 6.7 Relationship between Adesorption and content of SnO2 in SnO2/silica composites. 
 
Fig. 6.8a shows the sensitivity of SnO2(45%)/MCM-41 composite sensor to 1000 ppm 
of H2. The maximum sensitivity to H2 by pure SnO2 sensor is about 37 at around 350°C 
[26], but the SnO2 (45%)/MCM-41 sensor displays a great enhancement of sensitivity to 
H2, especially at 250°C where the sensitivity to 1000 ppm of H2 reaches as high as 2850, 
more than 70 times more sensitive than that of pure SnO2 sensor. It should also be noted 
that the optimum sensing temperature required for the maximum sensitivity is at around 
 
Chapter 6. Effect of morphology of SiO2 supports on gas sensitivity of SnO2-silica composite gas sensors 
117 
250°C for SnO2/MCM-41 sensor [27, 28] which is lower than that of pure SnO2 sensor 
(~350oC). When CO is used as the probing gas, similar results are obtained: the maximum 
sensitivity of SnO2(45%)/MCM-41 composite sensor to 1000 ppm of CO can reach 230, 
which is about 10 times higher than the sensitivity of pure SnO2 sensor, and the optimum 
sensing temperature of SnO2(45%)/MCM-41 composite sensor is at around 250°C, which 
is also lower than that of pure SnO2 sensor (~350°C). 





























Fig. 6.8a Correlation between temperature and sensitivity to 1000 ppm of H2 and 1000 
ppm of CO on SnO2(45 wt%)/MCM-41 composite gas sensor. 
 
Fig. 6.8b shows the effect of SnO2 content on gas sensitivities. It can be seen that there 
is an optimum amount of SnO2 where its sensitivity is at maximum since the sensing 
properties should be attributed to the coordination of MCM-41 and the incorporated metal 
oxide [29].  
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 1000ppm of CO
 
Fig. 6.8b Effect of SnO2 content on the sensitivity of SnO2/MCM-41 composite sensors to 
1000 ppm of H2 and 1000 ppm of CO at 250°C. 
 
The sensitivity data of other SnO2/silica composite sensors are summarized in Table 
6.2. It can be seen that all the sensitivities of SnO2/silica composites have been increased 
as compared with those of pure SnO2 sensor. The highest sensitivities to 1000 ppm of H2 
are 308 and 1400 for SnO2/SiO2 and SnO2/SBA-15 composite sensors, respectively. 
However, the highest sensitivity of SnO2/zeolite-Y to 1000 ppm of H2 is only about 200, 
which is much lower than those of SnO2 sensors supported on MCM-41 or SBA-15, even 
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Table 6.2 Sensitivities of SnO2 on different silica supports to 1000 ppm of H2 and CO 
H2 CO  
Smax Toptimum(°C) Smax Toptimum(°C) 
Pure SnO2 37 ~350 21 ~350 
SnO2(40%)/MCM-41 23 250 12 250 
SnO2(45%)/MCM-41 2850 250 230 250 
SnO2(50%)/MCM-41 2300 250 114 250 
SnO2(35%)/SBA-15 10 250 5 250 
SnO2(40%)/SBA-15 1400 250 124 250 
SnO2(45%)/SBA-15 820 250 295 250 
SnO2(50%)/zeolite-Y 228 300 55 300 
SnO2(60%)/zeolite-Y 114 300 29 300 
SnO2(70%)/zeolite-Y 42 300 17 300 
SnO2(50%)/SiO2 210 250 105 250 
SnO2(60%)/SiO2 308 250 120 250 
SnO2(70%)/SiO2 84 250 78 250 
 
All the above results have shown that the sensitivities of SnO2/silica composite gas 
sensors to the reducing gases have been greatly enhanced. The reason can be attributed to 
the nano-sized SnO2 particle on silica supports and the increased amount of surface 
adsorbed oxygen species. 
XRD results have shown that, in the presence of the silica support, the supported SnO2 
has different cluster sizes. When the particle size of SnO2 is small enough, especially the 
grain size is comparable to the depth of the sub-surface depletion layers, the whole 
resistance and sensitivity of the SnO2 sensor are controlled by the grains themselves, 
inducing an inverse relationship between particle size and gas sensitivity [30], with the 
smaller particle producing higher sensitivity. 
Furthermore, it is well known that the conductivity of a semiconductor gas sensor is 
mainly determined by the presence of singly-charged oxygen vacancies [31] and the 
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surface adsorbed oxygen species plays an important role during the sensing process [32]. 
O2-TPD results have shown that the desorption peak of supported SnO2 appears at around 
200oC. Therefore, at lower sensing temperature, the increased oxygen adsorbates on the 
surface of SnO2/silica composites could be consumed by H2 or CO [25]. As a result, the 
barrier decreases due to the increased carrier density in the surface layer, leading to the 
increase of conductivity. Moreover, the O2 desorption area of supported SnO2 is bigger 
than that of pure SnO2, suggesting that more surface adsorbed oxygen species could take 
part in the surface reaction, and the change of conductivity before and after the reducing 
gas was introduced should be higher compared with that of pure SnO2. Hence, the 
maximum sensitivity appears at 250°C (as shown in Fig. 6.8a), which is lower than that of 
pure SnO2.  
Fig. 6.9 shows the linear correlation between the maximum sensitivity to 1000 ppm H2 
and the amount of desorbed oxygen on the corresponding supported SnO2 sensors, 
suggesting that the surface adsorbed oxygen species play a very important role in 
improving the sensing properties of composite sensors. The deviation of pure SnO2 sensor 
from the linear correlation should be attributed to the nano-sized SnO2 particle in 
SnO2/silica composites since the nanoparticles of supported SnO2 are also helpful to 
increase the sensitivity of SnO2/silica composite gas sensor [30]. 
 




















Fig. 6.9 Correlation between the amount of surface desorbed oxygen species with the 
maximum sensitivity of SnO2/silica composite gas sensors to 1000 ppm of H2. 
 
From Table 6.2 it can be seen that the maximum sensitivity of SnO2/MCM-41 to CO is 
lower than that of SnO2/SBA-15 although the SnO2/MCM-41 sensor possesses a higher H2 
sensitivity. It is known that Knudsen diffusion is dominant for pores that range in diameter 
between 2 and 50 nm [33], and the diffusion coefficient is proportional to MR / , where 
R is the pore radius and M is the molecular weight. Mean pore size of SBA-15 is around 
85Å, about 2 times higher than that of MCM-41. Moreover, the molecular weight of CO is 
much higher than that of H2. Therefore, the effect of Knudsen diffusion on the sensitivity 
of SnO2/MCM-41 to CO should be higher; this is because it is more difficult for CO to 
diffuse into the mesopores of MCM-41, hence less CO molecules could take part in the 
sensing process and the change in resistance would be lower [34]. 
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It should also be noted from Table 6.2 the optimum amount of SnO2 in different 
SnO2/silica composites is different, and the reason should be ascribed to the different 
morphologies of the silica supports. 
Fig. 6.10 shows the dependence of the sensor’s resistance at 250°C with the content of 
SnO2 in SnO2/silica composite sensors. It can be found that there is a range of SnO2 
content where the electrical resistance decreases sharply due to the build-up of the 
conducting network. When the amount of SnO2 is too low to form a continuous 
conducting network, the resistance of the SnO2/silica composite sensors is very high. As 
the amount of SnO2 is increased to a critical value, the conducting network would be setup, 
causing the electrical resistance to decrease sharply.  
Moreover, the critical range of SnO2 content is also different for different kinds of 
SnO2/silica composites. When SnO2 is supported on MCM-41 or SBA-15, the range of 
SnO2 content is between 30% and 50%. The range is 50% ~ 70% for both SnO2/zeolite-Y 
and SnO2/SiO2 composite sensors. Since MCM-41 (or SBA-15) has bigger particle and 
smaller outer surface area, fewer amount of SnO2 particles are needed to cover the outer 
surface of MCM-41 (or SBA-15) particle in order to connect with each other to form the 
conducting path. On the contrary, since SiO2 nanoparticle has smaller particle and bigger 
surface area, more amount of SnO2 is needed to cover the surface of SiO2 particles to set 
up the conducting path. However, for the SnO2/zeolite composite, the critical range of 
SnO2 is high although zeolite has big particle size; this could be attributed to the existence 
of Al since the addition of Al2O3 has been observed to considerably decrease the 
conductivity of SnO2 higher than that of SiO2 [35], and SnO2/Al2O3 composite sensor 
system will be discussed in the next chapter. 
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Comparing the data shown in Table 6.2 and in Fig. 6.10, it can be clearly seen that the 
optimum SnO2 content in all types of SnO2/silica composites sensors where the sensitivity 
is maximum are well in the range where the resistance becomes to decrease sharply, 
suggesting that the particle size of support is also an important factor for determining the 
sensing properties of SnO2 composite gas sensors. 
 


















Content of SnO2 (%)
 
Fig. 6.10 Correlation between the resistance of composite sensor and the content of SnO2 
in different SnO2/silica composites. 
 
6.4 Conclusions 
Using SiO2 with different morphologies as supports to prepare SnO2/silica composites 
by wet impregnation method, it is found that the morphologies of the silica support are 
important to influence the sensing properties of composite sensors. Support with higher 
surface area can adsorb more surface oxygen species, leading to higher sensitivity of the 
resulting composite sensor. Therefore, SnO2/MCM-41 composite sensor is found to 
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possess the highest sensitivity to H2 due to the largest surface area of MCM-41. The 
maximum sensitivities of different composite gas sensors are also found to be closely 
related to the amount of surface adsorbed oxygen, suggesting that the surface adsorbed 
oxygen plays a very important role in influencing the sensing properties of such composite 
gas sensors.  Moreover, comparing the sensing properties of SnO2 supported on different 
silica supports, the particle size of silica support is found to be an important factor to 
influence the optimum loading of SnO2 with the silica support to reach the maximum 
sensitivities of these SnO2/silica composite sensors. 
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Chapter 7. Sensing properties of SnO2 gas sensors 






SnO2/Al2O3 composites have been prepared by wet impregnation of SnCl2 onto two 
types of alumina supports, α-Al2O3 and γ-Al2O3, to investigate the effect of supports on 
the gas sensing properties of SnO2 composite gas sensors. O2-TPD results show that the 
amount of surface adsorbed oxygen species has been enhanced on both types of modified 
SnO2, with SnO2/γ-Al2O3 composites possessing higher amount of surface adsorbed 
oxygen species due to the higher surface area of γ-Al2O3. Both SnO2/γ-Al2O3 and SnO2/α-
Al2O3 composite gas sensors show improvement in sensitivities to H2 and CO compared 
with those of pure SnO2 gas sensor due to the increased amount of surface adsorbed 
oxygen species on the composite sensors, and the sensors prepared from SnO2/γ-Al2O3 
composite show higher improvements. The optimum ratios of SnO2 to Al2O3 required to 
achieve the maximum sensitivity are also different in these two types of mixture. When 
SnO2 is mixed with γ-Al2O3, 70 wt% of SnO2 is needed to have the maximum sensitivity, 
however only 30 wt% of SnO2 is needed to reach the highest sensitivity for SnO2/α-Al2O3. 
The gas sensing mechanism of the alumina-modified SnO2 sensors is discussed based on 
the O2-TPD data and the different morphologies of the two Al2O3 supports.  
 
 




It has been reported in the literature that it is essential to control the microstructure of 
semiconductor oxide gas sensors, and mixing different types of metal oxides as additives 
to the semiconductor oxide gas sensor has been suggested to be an effective way to 
influence the development of the microstructure of  the semiconductor oxide during 
sintering [1]. This is because, in granular materials, the current can either flow across 
boundary surfaces between particles, or along channels formed between particles during 
sintering, and these two flows can cause different electrical properties. There has been 
some evidence of different dependences of current on applied voltage in tin oxide 
materials, depending on whether or not they contained additive oxides [2]. Moreover, the 
mixture of metal oxide with additive could affect the sensing properties; for instance, it 
has been found that, when SnO2 was mechanically mixed with SiO2, the sensing 
properties were enhanced [3]. However, other kind of additives has not been reported in 
the literature, and it is of interest to investigate whether other metal oxide (beside SiO2) 
can also enhance the sensitivity of SnO2. 
Al2O3 is an insulator with low dielectric constant [4], and metal oxides supported on 
Al2O3 are interesting systems which have been used as heterogeneous catalysts, ceramics, 
magneto-resistive device and sensors [5-8]. Moreover, although alumina reacts with base 
metal oxide to form aluminates with low surface area aluminates, SnO2 does not form any 
known compounds with alumina [9].  
This study is conducted in order to determine the effect of aluminum oxide as an 
additive on the sensing characteristics of tin oxide gas sensor. Furthermore, two types of 
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aluminum oxides with different particle size and surface area are used to compare the 
effect of additives’ morphology on gas sensing properties. 
 
7.2 Experimental 
The following two different oxide supports were used: α-Al2O3 and γ-Al2O3. α-Al2O3 
was from Alfa Aesar, with an average particle size of 0.2~0.3µm. γ-Al2O3 was prepared 
according to the following hydrothermal procedure [10]: After 15 g Al(NO3)3ּ9H2O 
(98.5%, Aldrich) was dissolved in 100 ml of de-ionized water, an aqueous ammonia (10 
wt%) was added to the solution until the pH of the suspension reached 5.0. The 
suspension was then transferred to a Teflon vessel held in a stainless vessel, which was 
then placed in an oven heated at 200°C for 20 hours. The solid material was finally 
recovered by centrifuging, drying at 100°C overnight, followed by calcination at 750°C 
for 5 hours in air with a heating rate of 10°C/min. 
SnO2/Al2O3 composite materials were prepared using standard wet impregnation 
technique. After the required amount of tin dichloride dihydrate (98+%, Merck) was 
dissolved in 20 ml of 0.5 N HCl, Al2O3 additive was added into the solution. The resulting 
mixture was then evaporated to dryness and the powder was further dried at 100°C for 10 
hours, followed by calcination at 700°C for 4 hours in air flow. The samples are referred 
as SnO2(X)/α-Al2O3 or SnO2(X)/γ-Al2O3 depending on different supports, where X stands 
for the weight ratio of SnO2 in the mixture 
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Characterization methods include TEM, X-Ray Diffraction (XRD), X-ray 
photoelectron spectroscopy (XPS), O2-TPD and TPR. H2 and CO at a concentration of 
1000 ppm were used as the probing gases for the sensing test.  
 
7.3 Results and Discussion 
The morphologies of Al2O3 supports and the crystalline structures of SnO2/Al2O3 
composites were characterized by TEM and XRD. Fig. 7.1a shows the TEM image of α-
Al2O3, which has an average particle size of about 0.2~0.3 µm. Fig. 7.1b shows the TEM 
image of γ-Al2O3 nanorod solids transformed from amorphous precipitates through 
hydrothermal treatment [10]. The TEM image shows that the dispersed nanomaterials 
have nanorod-like structure, with a uniform diameter around 20 nm and length around 200 
nm. Fig. 7.2 shows the XRD spectra of calcined γ-Al2O3, and all these diffraction peaks 
can be perfectly indexed to the structure of γ-Al2O3 [9].  
 
        
 
Fig. 7.1 TEM images of (a) α-Al2O3 and (b) γ-Al2O3. 
a b 
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Fig. 7.2 XRD pattern of γ-Al2O3. 
 
The XRD patterns of SnO2/γ-Al2O3 composites are shown in Fig. 7.3a. Since the 
amount of SnO2 is dominant, the major features of XRD spectra belong to SnO2. There is 
still no new XRD peak can be observed even after calcining the mixture at 1100°C for 4 
hours, indicating that SnO2 does not react with γ-Al2O3 at this high temperature, and the 
phases of the two oxides are segregated from each other [11]. Similar results are obtained 
for SnO2/α-Al2O3 composites, which are shown in Fig. 7.3b. There is also no new phase 
formed in the SnO2/α-Al2O3 composites after high temperature calcination. 
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Fig. 7.3a XRD patterns of (a) SnO2(60%)/γ-Al2O3, (b) SnO2(70%)/γ-Al2O3 and (c) 
SnO2(70%)/γ-Al2O3 (calcined at 1100°C). 

























Fig. 7.3b XRD patterns of (a) SnO2(30%)/α-Al2O3 and (b)  SnO2(60%)/α-Al2O3. 
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Fig. 7.4 shows the sensitivities of pure SnO2 sensor and different SnO2 composite 
sensors to 1000 ppm of H2 in the temperature range between 250°C and 500°C. The 
maximum sensitivity of pure SnO2 sensor to 1000 ppm of H2 is 37 at 350°C [3]. However, 
SnO2(70%)/γ-Al2O3 sensor displays a great enhancement of sensitivity to H2: the 
maximum sensitivity can be achieved up to 270, and the optimum temperature where the 
sensitivity is the maximum is at around 300°C, which is lower than that of pure SnO2 
sensor. However, the maximum sensitivity of SnO2(30%)/α-Al2O3 composite sensor is 
only 140, and the temperature for maximum sensitivity is also at about 300°C. 




















Fig. 7.4 Correlation between temperature and sensitivity of pure SnO2 and SnO2/Al2O3 
composite sensors to 1000 ppm of H2. 
 
Fig. 7.5 shows the effect of SnO2 content on the maximum sensitivity of different 
SnO2/Al2O3 composite gas sensors to 1000 ppm of H2. For SnO2/γ-Al2O3 composite 
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sensors, the sensitivity of SnO2(60%)/γ-Al2O3 can reach 120, which is 3 times higher than 
that of pure SnO2 sensor. As the content of SnO2 is increased to 70%, the sensitivity also 
increases to 270. However, the sensitivity decreases when the content of SnO2 continues 
to increase. The results show that there is an optimum content of SnO2 where the 
sensitivity has its maximum value. However, when α-Al2O3 is used as the sensor support, 
the optimum SnO2 content is about 30%, which is much lower than the amount in SnO2/γ-
Al2O3 composite gas sensors. 

















Content of SnO2 (%)
 
Fig. 7.5 Correlation between content of SnO2 in SnO2/Al2O3 composite gas sensors and 
sensitivity to 1000 ppm of H2. 
 
Table 7.1 shows that similar results are obtained when 1000 ppm of CO is used as the 
probing gas. It can be seen from Table 7.1 that sensitivity can be increased from 21 to 76 
by SnO2/γ-Al2O3, and SnO2/α-Al2O3 sensors show moderate enhancement of sensitivity. 
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Furthermore, it should be noted that the optimum contents of SnO2 for the highest 
sensitivities to CO are also 70 % for SnO2/γ-Al2O3 and 30% for SnO2/α-Al2O3, 
respectively.  
 
Table 7.1 Sensitivity to 1000 ppm CO by different SnO2 sensors 
Sensor Content of SnO2 Smax Topt (°C) 
Pure SnO2 - 21 ~ 350 
SnO2 (25%)/α-Al2O3 25% 3 ~300 
SnO2 (30%)/α-Al2O3 30% 40 ~300 
SnO2 (40%)/α-Al2O3 40% 21 ~300 
SnO2 (60%)/γ-Al2O3 60% 25 ~300 
SnO2 (70%)/γ-Al2O3 70% 76 ~300 
SnO2 (80%)/γ-Al2O3 80% 42 ~300 
 
Yamazoe et al [12] reported that the addition of 1 to 5wt% of trivalent Al3+ species 
into the framework of SnO2 greatly enhanced the sensitivity of SnO2 to H2, and they 
concluded that the presence of trivalent cations in the framework of SnO2 decreased the 
carrier concentration and increased the depth of the space charge layer of n-type 
semiconductor oxides, resulting in the enhancement of H2 sensitivity of SnO2 sensors. 
However, in this study it is believed that the enhancement of sensitivity should not be due 
to the same reason related to the leaching of Al3+ into SnO2 since the thermal treatment 
temperature used to prepare SnO2/Al2O3 sensors (i.e. 700°C) is not high enough to leach 
Al3+ into the framework of SnO2 [3]. Moreover, the sensitivity of the composite sensor 
depends on the content of Al species even though the content of Al in this study is much 
higher than 5 wt%.  
It is generally accepted that the interfacial interaction between solid interfaces greatly 
influences the surface structure and consequently the distribution of the various surface 
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sites [13], which plays an important role during the sensing process [14]. XPS and O2-
TPD have been applied in this study to characterize the surface properties of SnO2/Al2O3 
composite. The Sn 3d photoemission peaks for different amount of SnO2 mixed with γ-
Al2O3 are shown in Fig. 7.6. The binding energy of Sn 3d in SnO2(40%)/γ-Al2O3 is 486.7 
eV; when the content of SnO2 in the mixture is increased to 70%, the binding energy 
decreases to 486.5 eV, which is close to that of bulk SnO2 486.4eV [15]. These results are 
well consistent with the literature on the interface interaction of SnO2 supported on γ-
Al2O3 by XPS [13], where the position of the Sn 3d peaks shifted systematically with the 
Sn/Al ratio and the binding energy decreased to the value of bulk SnO2 with the increasing 
amount of Sn. This result was explained by the fact that, at the initial stages of the 
deposition, the deposited metal oxide strongly interacted with another oxide of different 
nature. However, when SnO2 is supported on α-Al2O3, there is no obvious shift of Sn 
binding energy, possibly due to the low surface area of α-Al2O3 as there is little chance for 
tin to interact with the low-surface-area α-Al2O3. 
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Fig. 7.6 Sn3d photoelectron peaks for SnO2 mixed with α-Al2O3 and γ-Al2O3 for different 
Sn/Al ratios as measured by XPS. 
 
Fig. 7.7a presents the O2 temperature-programmed-desorption (TPD) profiles of SnO2, 
γ-Al2O3 and SnO2/γ-Al2O3. Pure SnO2 shows a small TPD peak at about 500°C [16], and 
γ-Al2O3 shows a peak at around 400°C. However, the O2-TPD spectra of SnO2/γ-Al2O3 
composites follow neither that of SnO2 nor that of γ-Al2O3. The TPD peak of 
SnO2(60%)/γ-Al2O3 decreases to 300°C, and SnO2(70%)/γ-Al2O3 has even lower 
desorption temperature, which is around 250°C. When the amount of SnO2 is higher than 
70%, the desorption profile is then close to that of pure SnO2 since the amount of SnO2 is 
dominant. The shift of oxygen desorption peak to lower temperature after SnO2 has been 
mixed with γ-Al2O3 suggests that the adsorbed oxygen species comes not only from the 
 
Chapter 7. Sensing properties of SnO2 gas sensors modified by Al2O3 with different morphologies 
 
140 
Al2O3 support but also from some different sites. Since XPS result has shown that there is 
an interaction between Sn and γ-Al2O3, charge imbalance and structure defects take place 
at this interaction, leading to the formation of some sites that can adsorb oxygen 
dissociatively, and the formation of more active surface adsorbed oxygen [17].  














Fig. 7.7a O2-TPD profiles of (a) γ-Al2O3, (b) SnO2(60%)/γ-Al2O3, (c) SnO2(70%)/γ-Al2O3 
(d) SnO2(80%)/γ-Al2O3 and (e)SnO2. 
 
Fig. 7.7b shows the O2-TPD profiles of α-Al2O3 and SnO2/α-Al2O3 composites. It can 
be seen that α-Al2O3 shows only a very small desorption peak at around 300°C and 
desorption area of SnO2(30%)/α-Al2O3 is increased compared with that of α-Al2O3 or 
pure SnO2, suggesting that  the amount of surface adsorbed oxygen on SnO2/α-Al2O3 has 
also been enhanced. 
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Fig. 7.7b O2-TPD profiles of (a) α-Al2O3, (b) SnO2(30%)/α-Al2O3 and (c) SnO2(40%)/α-
Al2O3. 
 









where Adesorption is the relative increase of desorbed oxygen; Acomposite is the desorption area 
of SnO2/Al2O3 composite; support% and Asupport represent the weight percentage of the 
support and  the desorption area of pure support, respectively; and ASnO2 represents the 
desorption areas of pure SnO2. The correlation between Adesorption and SnO2 content is 
shown in Table 7.2. It can be clearly seen that SnO2/α-Al2O3 has a lower desorption 
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Table 7.2 Amount of relative increased desorbed oxygen in SnO2/Al2O3 composites 
 SnO2/γ-Al2O3  SnO2/α-Al2O3 
 SnO2(60%) SnO2(70%) SnO2(80%)  SnO2(30%) SnO2(40%) 
Adesorption 6.8 7.1 ~1  3.4 ~1 
 
Temperature programmed reduction (TPR) has also been applied for further study of 
the surface oxygen state, and the TPR profiles of pure SnO2 and different SnO2 
composites are shown in Fig. 7.8. Pure SnO2 shows a peak centered at 760°C, which has 
been assigned to the reduction of SnO2 to metallic Sn [18]. In comparison, the TPR profile 
of SnO2/γ-Al2O3 has a shoulder at around 450°C. Since no detectable H2 uptake has been 
observed for the γ-Al2O3 support, all the TPR peaks can be attributed to the reduction of 
SnO2. The shoulder at 450°C should be corresponding to the presence of adsorbed oxygen 
species in the samples since the surface adsorbed oxygen species could also be reduced by 
CH4 at around 400°C [19]. Moreover, the reduction peaks at high temperature shift to 
lower temperature to around 700°C. This shift of high temperature peaks to lower 
temperature suggests that smaller SnO2 particles exist on SnO2/γ-Al2O3 because SnO2 
crystallites can be stabilized at much smaller sizes even after calcination at temperatures 
higher than 600°C by impregnation with suitable additives which would be used as 
crystalline nuclei [12, 20]. As SnO2 has been mixed with α-Al2O3, the high temperature 
peaks also shift to lower temperature; but the peak at 450°C is smaller than that in SnO2/γ-
Al2O3 since less amount of adsorbed oxygen species is detected by O2-TPD. 
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Fig. 7.8 TPR profiles of pure SnO2 and SnO2/Al2O3 composites. 
 
O2-TPD results have shown that after SnO2 has been mixed with Al2O3, the adsorbed 
oxygen species are desorbed at lower temperature, and these desorbed oxygen species can 
then react with H2 (as shown by the TPR results), indicating that the surface adsorbed 
oxygen species can activate H2 or CO at lower temperature. Therefore, at lower 
temperature, the negatively-charged oxygen adsorbates on the surface of SnO2/Al2O3 are 
consumed by H2 or CO. As a result, the barrier decreases due to the increase of the carrier 
density in the surface layer. Furthermore, since the amount of adsorbed oxygen species 
has been increased on the SnO2/Al2O3 composites, the sensitivity of these SnO2/Al2O3 
composite sensors has been increased and the maximum sensitivity appears at 300°C (as 
shown in Fig. 7.4), which is lower than that of pure SnO2 sensor. Since the amount of 
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adsorbed oxygen species in SnO2/γ-Al2O3 is higher than that of SnO2/α-Al2O3 due to the 
higher surface of γ-Al2O3, SnO2/γ-Al2O3 has higher sensitivities to H2 and CO than 
SnO2/α-Al2O3. 
Besides the different sensitivities, the different morphologies of Al2O3 supports also 
affect the optimum amounts of SnO2 on these two composites. Fig. 7.9 shows the 
characteristic curves of the electrical resistances of SnO2/Al2O3 sensors in air at 250°C 
versus the content of SnO2 in SnO2/α-Al2O3 or SnO2/γ-Al2O3. Although α-Al2O3 and γ-
Al2O3 have the same chemical composition, the electrical properties of SnO2/Al2O3 
composite sensors differ significantly. For the SnO2/γ-Al2O3 composite sensor, when the 
mass ratio of SnO2 is lower than 60%, the resistance is as high as 1011 Ω, and it decreases 
to 108 Ω when the amount of SnO2 is increased to 70%. When the amount of SnO2 
continue to increase to 80%, the resistance is further decreased to 106 Ω, which is close to 
the resistance of pure SnO2 sensor. For the SnO2/α-Al2O3 composite sensor, when the 
amount of SnO2 is only 30%, the resistance has dropped to 1010 Ω; with the increasing 
amount of SnO2, the resistance continues to decrease, and the resistance of SnO2 (60%)/α-
Al2O3 has decreased to the resistance of bulk SnO2 sensor. These results show that less 
SnO2 is needed to reach a low resistance when α-Al2O3 is used as the additives as 
compared with γ-Al2O3. 
It is well known that the microstructure of metal oxides fixes the pathways for the 
current flow and determines the nature of the current control affected by the interaction of 
the gas atmosphere with the surface of the sensor material [1]. Since these two oxides 
have the same composition, the difference in their electrical properties should be attributed 
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to their physical state. The TEM images, displayed in Fig. 7.1, have shown that the 
morphology of the two different Al2O3 supports differs quite substantially. α-Al2O3 has 
the shape of round particle with size of 200~300 nm, while γ-Al2O3 has the shape of 
nanorod with a dimension of 30 nm. These results indicate that the different particle size 
of Al2O3 determines the optimum amount of SnO2 in SnO2 composites since the particle 
size is very important for the mixing effect [21]. 





















Content of SnO2 (%)
 
Fig. 7.9 Correlation between electrical resistance of SnO2/Al2O3 composite sensors and 
content of SnO2 in (a) SnO2/α-Al2O3 and (b) SnO2/γ-Al2O3. 
 
For the SnO2/α-Al2O3 composites, since α-Al2O3 has a bigger particle size and smaller 
special surface area, fewer amount of SnO2 particles are needed to cover the surface of α-
Al2O3 particle and connect with each other to form the conducting path. On the contrary, 
γ-Al2O3 has a smaller particle size and bigger special surface area, so more SnO2 is needed 
to cover the surface of γ-Al2O3 particles to set up the conducting path. The resistance of 
20nm 
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these composite materials shown in Fig. 7.9 is also consistent with this explanation: only 
30% of SnO2 is needed in SnO2/α-Al2O3 to reach a suitable resistance, but at least 60% 
SnO2 is needed when γ-Al2O3 is used as the additive.  
If the amount of SnO2 is too low, even the surface adsorbed oxygen has been increased 
in SnO2/Al2O3 composites, the electrons can not flow in the bulk of SnO2, resulting in a 
low sensitivity. With the increasing amount of SnO2, especially when the amount reaches 
the critical value, the conducting network is being setup. At the same time, the amount of 
contacts between SnO2 and the support is also increased, leading to the formation of a 
higher amount of surface adsorbed oxygen. As the amount of SnO2 continues to increase, 
SnO2 starts to dominate the properties of the SnO2/Al2O3 composite, and the amount of 
surface adsorbed oxygen is decreased, leading to drop of the sensitivity to the value of 
pure SnO2 gas sensor. From Fig. 7.9 it could be clearly seen that the optimum amounts of 
SnO2 in SnO2/α-Al2O3 and SnO2/γ-Al2O3 are 30% and 70%, respectively, which are in the 
range where the resistance of the sensor become to decrease sharply. 
 
7.4 Conclusions 
Using γ-Al2O3 and α-Al2O3 as additives to mix with SnO2 by wet impregnation 
method, sensitivities of the SnO2/Al2O3 composites sensors to hydrogen and carbon 
monoxide can be enhanced compared with pure SnO2 gas sensor. O2-TPD results show 
that the amount of adsorbed surface oxygen is increased in SnO2/Al2O3 composites due to 
the interaction between tin and aluminum oxides. The increased adsorbed oxygen results 
in the improvement of sensitivity as well as the shift of optimum temperature, where the 
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sensitivity has the maximum value, to lower temperature. The improvement of the 
sensitivity of SnO2/γ-Al2O3 composite sensors is higher than that of SnO2/α-Al2O3 sensors 
because of the higher surface area of γ-Al2O3. Furthermore, the morphology of additives 
also determines the optimum amount of SnO2 in the composite sensors, and less SnO2 is 
needed to reach the maximum sensitivity in SnO2/α-Al2O3 than that in SnO2/γ-Al2O3 due 
to the bigger particle size of α-Al2O3. 
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Chapter 8. Sensing properties and catalytic performance 





MCM-41 modified metal oxide gas sensors have been prepared by either mechanically 
or chemically mixing different amounts of In2O3 with mesoporous silica MCM-41. XRD 
and N2 isotherms are used to characterize the structural properties of MCM-41 
incorporated by In2O3. The gas sensing properties of pure In2O3 sensor and In2O3/MCM-
41 composite sensors over a temperature range of 250 - 500°C are studied using H2 and 
CO as the probing gases. It is observed that both In2O3/MCM-41 composite gas sensors 
made from mechanical or chemical mixtures show an increase of sensitivity to H2 and to 
CO as compared to those of pure In2O3 sensor. However, the sensitivities of the gas 
sensors made from the chemical mixture are much higher, indicating that chemical mixing 
is a more effective method for preparing composites gas sensors. The catalytic properties 
of pure In2O3 and In2O3/MCM-41 on H2 and CO oxidation are also investigated to study 
relationship between catalytic performance and sensing properties of such type of mixture. 
The catalytic results show that there is no obvious correlation between gas sensitivity and 
catalytic performance of In2O3/MCM-41. 
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8.1 Introduction 
Semiconductor oxide gas sensors have been extensively used to detect combustible as 
well as oxidative gases due to their simple structure, low cost and good reliability for real-
time control systems [1, 2]. Among the sensing properties of metal oxide gas sensor, 
sensitivity is one of the most important parameter needed to be tailored. Many methods 
have been reported to improve the sensitivity of semiconductor oxide gas sensors, such as 
through doping the gas sensor with catalysts [3, 4], or synthesizing nanostructured metal 
oxides [5]. Recently, with the discovery of MCM-41 [6, 7], mesoporous materials have 
attracted considerable attentions in several fields due to their unique properties such as 
highly-ordered mesopores and high specific surface area [8, 9], and the developments in 
mesoporous silica materials also provide opportunities to increase the sensing properties 
of semiconductor metal oxide gas sensor devices [10, 11].   
Li et al [12] has successfully improved the sensitivity and selectivity of SnO2-based 
sensor to H2 by mechanically mixing SnO2 with mesoporous MCM-41 material and the 
sensitivity to H2 was increased from 35 by pure SnO2 sensor to 180 by SnO2/MCM-41 
sensor. Moderate enhancement of CO sensitivity and slight enhancement of CH4 
sensitivity were also found. Moreover, results in previous chapters have shown that 
chemically mixing SnO2 with mesoporous silica materials can improve the sensitivities 
much higher. 
Besides SnO2, there are also other semiconductor oxides which have the potential for 
gas sensing applications and indium oxide (In2O3) is one of them. Already, In2O3-based 
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gas sensor has found its potential as an ozone detector [13, 14], and In2O3 gas sensor 
incorporated with Rb2CO3 as modifier was able to selectively detect CO [15]. 
In this work, In2O3-based gas sensors are prepared by either mechanically or 
chemically mixing In2O3 with mesoporous silica MCM-41, and the resulting In2O3/MCM-
41 composite gas sensors are tested for their sensing properties to H2 and CO. N2 
isotherms and XRD were used to characterize the structural properties of In2O3/MCM-41 
composite gas sensor. 
 
8.2 Experimental 
MCM-41 was synthesized following the literature procedure [16], which has been 
described in Chapter 6 of this thesis. The mechanically-mixed In2O3/MCM-41 was 
prepared by mechanically mixing MCM-41 with pure In2O3, followed by grinding the 
mixtures thoroughly in a mortar [12]; these mechanical mixtures are referred to as 
In2O3(X)/MCM-41(MM), where X stands for the mass ratio of In2O3 in the mixture, and 
MM stands for mechanical mixing. The chemically-mixed In2O3/MCM-41 was prepared 
as follows. MCM-41 was firstly added into 10 ml of In(NO3)3 solution. The slurry was 
stirred for 6 hours at room temperature and then dried at 100°C. Finally the sample was 
calcined at 700°C in air for 4 hours with a heating rate of 10°C/min in order to oxidize the 
MCM-41 supported In(NO3)3 to MCM-41 supported In2O3. These chemically mixing 
samples are referred to as In2O3(X)/MCM-41(CM), where X stands for the mass ratio of 
In2O3 in the mixture, and CM stands for chemical mixing. Pure In2O3 sample was also 
prepared and pretreated under the same condition as those of In2O3/MCM-41(CM) for 
control experiments. 
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X-Ray Diffraction (XRD) and N2 adsorption-desorption isotherms were used to 
characterize the gas sensors. H2 and CO at a concentration of 1000 ppm were used as the 
probing gases for sensing tests. Catalytic oxidation reactions of H2 and CO over pure 
In2O3, In2O3/MCM-41 (MM) and In2O3/MCM-41(CM) were carried out in a conventional 
fixed bed reactor. 100 mg of powder sample was pressed and ground to granules of 40-60 
mesh and mounted into a quartz tube reactor, with quartz wool being placed in the middle 
of the reactor to support the catalyst. The oxidation reaction was carried out at ambient 
pressure in the temperature range of 200–650°C with a feed gas (flowing at 100 ml/min) 
consisting of 5% O2 and 1% H2 or 1000 ppm of CO in helium. 
 
8.3 Results and Discussion 
8.3.1 Characterization of MCM-41 and In2O3/MCM-41 
Fig. 8.1 shows the small-angle XRD patterns of MCM-41 and In2O3/MCM-41(MM) in 
the 2θ range of 1-10°. MCM-41 has the typical XRD pattern similar to those reported in 
literature [16, 17]. Although pure In2O3 shows no XRD peak in this range, all the XRD 
spectra of In2O3/MCM-41(MM) display peaks at around 2.3°, indicating that after 
mechanical mixing, the mixtures have still retained the mesoporous structure of MCM-41. 
The decreasing intensity of peaks with the increasing amount of In2O3 should be attributed 
to the decreasing amount of MCM-41.  
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Fig. 8.1 Small-angle XRD patterns of MCM-41 and In2O3/MCM-41(MM) (a) MCM-41, 
(b) In2O3(35%)/MCM-41(MM), (c) In2O3(40%)/MCM-41(MM), (d) In2O3(50%)/MCM-
41(MM) and (e) In2O3(60%)/MCM-41(MM). 
 
Fig. 8.2 shows the N2 adsorption-desorption isotherms of MCM-41 and In2O3/MCM-
41(MM). The same isotherms of In2O3/MCM-41(MM) as pure MCM-41 also indicate that 
the mesoporous structure of MCM-41 could still be maintained after being mechanically 
mixed with In2O3. The detailed textural properties of MCM-41 and In2O3/MCM-41(MM), 
as calculated from N2 isotherms, are summarized in Table 8.1. The pore size of pure 
MCM-41 is around 28Å. After being mechanically mixed with In2O3, the pore size of 
In2O3/MCM-41(MM) is almost kept the same. A comparison of the specific surface area 
of MCM-41 with those of In2O3/MCM-41(MM) shows a linear relationship between the 
specific surface area and the amount of MCM-41 in In2O3/MCM-41(MM), suggesting that 
the incorporation of In2O3 by mechanical mixing has almost no effect on the mesoporous 
structure of MCM-41. 
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Fig. 8.2 N2 adsorption-desorption isotherms of MCM-41 and In2O3/MCM-41(MM) (a) 
MCM-41, (b) In2O3(35%)/MCM-41(MM), (c) In2O3(40%)/MCM-41(MM), (d) 
In2O3(50%)/MCM-41(MM) and (e) In2O3(60%)/MCM-41(MM). 
 
 
Table 8.1 Specific surface area, pore size and pore volume of pure MCM-41, In2O3/MCM-
41(MM) and In2O3/MCM-41(CM). 
 
Sample ID MCM-41% (by mass) 
Surface area a 
(m2/g) 
Pore size b 
(Å) 
Pore volume c 
(cm3/g) 
MCM-41 100% 1368 27.8 1.1 
In2O3(30%)/MCM-41(MM) 70% 966 27.6 0.75 
In2O3(35%)/MCM-41(MM) 65% 836 27.3 0.70 
In2O3(40%)/MCM-41(MM) 60% 810 27.2 0.67 
In2O3(60%)/MCM-41(MM) 40% 471 26.8 0.44 
In2O3(40%)/MCM-41(CM) 60% 659 24.7 0.52 
In2O3(45%)/MCM-41(CM) 55% 590 24.5 0.48 
In2O3(50%)/MCM-41(CM) 50% 525 24.5 0.39 
In2O3(60%)/MCM-41(CM) 40% 430 24.3 0.31 
a: surface area calculated by the BET method; b: pore size calculated from the adsorption 
branch using BJH method; c: total pore volume calculated at P/Po=0.998. 
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Fig. 8.3a shows the small-angle XRD patterns of In2O3/MCM-41(CM) in the 2θ range 
of 1-10°. The 2θ angle of the main XRD peak is kept the same value (~2.3°) for pure 
MCM-41 and In2O3/MCM-41(CM), indicating that the d100 spacing of MCM-41 is not 
affected by the incorporation with In2O3. The intensity of the (100) diffraction peak 
decreases with the increasing amount of In2O3, and the (110) and (200) diffraction peaks 
also become more ill-defined. When the amount of In2O3 in In2O3/MCM-41(CM) is 
higher than 50%, the diffraction peaks almost disappear. These results show that the 
mesoporous structure of MCM-41 can be retained after the chemical mixing process with 
a small amount of In2O3; however, with the increasing amount of In2O3 the mesopore 
structure of In2O3/MCM-41(CM) becomes less uniform as it lacks the long range 
crystalline order as compared with that of pure MCM-41, possibly due to low 
hydrothermal stability of MCM-41 [16, 17]. 























Fig. 8.3a Small-angle XRD patterns of (a) MCM-41, (b) In2O3(40%)/MCM-41(CM), (c) 
In2O3(45%)/MCM-41(CM), (d) In2O3(50%)/MCM-41(CM)  and (e) In2O3(60%)/MCM-
41(CM). 
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The wide-angle XRD patterns of In2O3/MCM-41(CM), shown in Fig. 8.3b, display 
well-resolved diffraction peaks of In2O3 nanocrystals [18]. However, compared with the 
XRD pattern of In2O3 synthesized without MCM-41, In2O3/MCM-41(CM) has broader 
peaks, suggesting that MCM-41 could inhibit the growth of In2O3 crystallites during 
calcination [19]. 












2θ (o)  
Fig. 8.3b Wide-angle XRD patterns (a) In2O3, (b) In2O3(40%)/MCM-41(CM), (c) 
In2O3(45%)/MCM-41(CM), (d) In2O3(50%)/MCM-41(CM) and (e) In2O3(60%)/MCM-
41(CM). 
 
Fig. 8.4 shows the N2 adsorption-desorption isotherms of In2O3/MCM-41(CM). All 
samples yield type IV isotherm with a H1 hysteresis loop, which are typical for 
mesoporous materials. These isotherm results show that the mesoporous structure of 
MCM-41 has been preserved after the chemical mixing followed by calcination process. 
For pure MCM-41, the pore filling by capillary condensation is restricted to a narrow 
range of P/Po = 0.3 ~ 0.4. However, the inflection points for In2O3/MCM-41(CM) become 
less unambiguous as compared with that of pure MCM-41, showing a less uniform 
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mesoporous structure of In2O3/MCM-41(CM). The structural properties summarized in 
Table 8.1 show that pure MCM-41 has the largest pore size and pore volume; however, 
with the increasing amount of In2O3, there is a decrease in both the pore diameter and pore 
volume of In2O3/MCM-41(CM). Since Fig.8.3 has shown that the d100 spacing of MCM-
41 is not affected by mixing with In2O3, the decrease in pore size shows that the pore wall 
of MCM-41 becomes thicker, indicating that some In2O3 crystals have been grown on the 
inner surface of MCM-41 mesopores. However, as the amount of In2O3 increases from 
40% to 60%, the pore diameter does not decrease further, suggesting that most of In2O3 
crystals have been coated on the outer surface of MCM-41 since the inorganic indium 
precursors tend to be adsorbed on the external surface of the silica support [19]. At the 
same In2O3 content, the chemically-mixed In2O3/MCM-41 sensor has lower surface area 
than the mechanically-mixed In2O3/MCM-41 sensor, due to the less uniform mesoporous 
structure of In2O3/MCM-41(CM). Moreover, since it is well known that the large 
mesopores of MCM-41 are generally accompanied by a certain amount of significantly 
smaller pores with a broad distribution primarily in the micropore/small-mesopore range 
[20], some of these small pores could be blocked by In2O3 and hence the loss of specific 
surface area can also be attributed to the disappearance of these complementary smaller 
pores [16, 21]. 
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Fig. 8.4 N2 adsorption-desorption isotherms of MCM-41 and In2O3/MCM-41(CM) (a) 
MCM-41, (b) In2O3(40%)/MCM-41(CM), (c) In2O3(45%)/MCM-41(CM) and (d) 
In2O3(50%)/MCM-41(CM). 
 
8.3.2 Sensing properties of pure In2O3 sensor and In2O3/MCM-41 sensors 
Fig. 8.5 shows the characteristic curves of resistance versus temperature for pure In2O3 
and MCM-41 modified In2O3 gas sensors. At 300°C, the resistance of the pure In2O3 gas 
sensor is about 1.5×104 Ω; however, the resistance of In2O3(40%)/MCM-41(MM) is 
higher, at around 2.1×107 Ω, and the resistance of In2O3(40%)/MCM-41(CM) is even 
higher, at about 5×109 Ω. The different resistance of these In2O3/MCM-41 sensors can be 
attributed to the effect of different mixing methods used in the preparation of these 
composite gas sensors. Firstly, the dispersion of In2O3 on MCM-41 by chemical mixing is 
more homogeneous, so less conducting paths would be formed. Secondly, the particle size 
of the supported In2O3 crystals formed by chemical mixing is smaller than that of pure 
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In2O3 (as shown from the wide-angle XRD patterns), and the semiconductor oxide with 
smaller particle size has been known to have higher electrical resistance [22]. 











 In2O3 (40%)/MCM-41 (MM) sensor










Fig. 8.5 Correlation between the electrical resistance of In2O3 and In2O3/MCM-41 gas 
sensors with working temperature. 
 
Fig. 8.6a shows the sensitivities of pure In2O3 and In2O3/MCM-41(MM) gas sensors to 
1000 ppm of H2 as a function of temperature. It can be clearly seen that the In2O3/MCM-
41(MM) gas sensor displays great enhancement of sensitivity to H2, and the greatest 
improvement in sensitivity to H2 is achieved by In2O3 (35%)/MCM-41(MM) at 300°C, 
with a sensitivity of 550 as compared to 70 achieved by pure In2O3 sensor [23]. Similar 
results have also been obtained for the sensing properties of In2O3(35%)/MCM-41(MM) 
to 1000 ppm of CO gas, as shown in Fig. 8.6a, and the sensitivity of In2O3(35%)/MCM-
41(MM) could reach 100 at 300°C, which is 3 times higher than that of pure In2O3 sensor 
[23].  
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Fig. 8.6a Correlation between temperature and sensitivities of (1) In2O3 to 1000 ppm of H2, 
(2) In2O3(35%)/MCM-41(MM) to 1000 ppm of H2, (3) In2O3 to 1000 ppm of CO and (4) 
In2O3(35%)/MCM-41(MM) to 1000 ppm of CO. 
 
Fig. 8.6b displays the effect of the In2O3 amount on the sensitivity of In2O3/MCM-
41(MM) sensors. It can be observed that there is an optimal In2O3 content, with the 
In2O3(35%)/MCM-41(MM) sensor possessing the highest sensitivity to 1000 ppm of H2. 
In addition, In2O3(35%)/MCM-41(MM) also possesses the highest sensitivity to 1000 ppm 
of CO.  
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Fig. 8.6b Effect of In2O3 content on the maximum sensitivity of In2O3/MCM-41(MM) 
sensor to 1000 ppm of H2 and 1000 ppm of CO.  
 
Fig. 8.7a presents the correlation between the sensing temperature and the gas 
sensitivities of In2O3/MCM-41(CM) sensors to 1000 ppm of H2. It can be clearly seen that 
the sensitivities of In2O3/MCM-41(CM) sensors have been improved tremendously 
compared with those of pure In2O3 or In2O3/MCM-41(MM) sensors. When the amount of 
In2O3 is 45%, the sensitivity of In2O3(45%)/MCM-41(CM) to 1000 ppm of H2 reaches 
3500, which is almost 40 times more sensitive than that of pure In2O3 sensor and 6 times 
more sensitive than that of In2O3/MCM-41(MM) sensor. When CO is used as the probing 
gas, similar results are obtained (as shown in Fig. 8.7b). The maximum sensitivity of 
In2O3(45%)/MCM-41(CM) sensor to 1000 ppm of CO is 375, which is about 10 times 
higher than that of pure In2O3 sensor.  
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Fig. 8.7a Correlation between the sensing temperature and the sensitivity of In2O3/MCM-
41(CM) gas sensors to 1000 ppm of H2. 
 

























Fig. 8.7b Correlation between the sensing temperature and the sensitivity of In2O3/MCM-
41(CM) gas sensors to 1000 ppm of CO. 
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Similar to the previous literature study [12], all above results have proven that the gas 
sensitivities of semiconductor oxide gas sensors can be greatly improved by mixing the 
semiconductor oxide with mesoporous materials. Meanwhile, comparing the two mixing 
methods used in dispersing the semiconductor oxide particles on the mesoporous support 
material, the sensors prepared from chemical mixing method possess much higher 
sensitivities than the sensors prepared from mechanical mixing method. The highest 
sensitivity of the chemically-mixed In2O3/MCM-41 sensor to 1000 ppm of H2 and 1000 
ppm of CO can reach 3500 and 375, respectively. However, the highest sensitivity of the 
mechanically-mixed In2O3/MCM-41 sensor to 1000 ppm of H2 and 1000 ppm of CO can 
reach only 550 and 90, respectively. 
 
8.3.3 Catalytic oxidation of H2 and CO over MCM-41 modified In2O3 
It has been widely accepted that the sensing properties of semiconductor oxide gas 
sensor are derived from the surface reaction between the target gas molecules and surface 
active sites [24]. Furthermore, based on the role of surface-active sites in controlling the 
adsorption and reaction of reactants, it is obvious that higher surface area should have 
higher catalytic activity, leading to higher sensitivity [25, 26]. MCM-41, which has large 
specific surface area, may provide more surface area for the supported In2O3 to react with 
the target gas molecules, hence leading the increase of sensitivity. In order to understand 
the catalytic behavior of In2O3/MCM-41 sensors prepared in this study, the oxidation of 
H2 and CO on these sensor materials are carried out. 
Fig. 8.8a shows the conversion of H2 as a function of reaction temperature on pure 
In2O3 and In2O3/MCM-41(MM) catalysts. It can be observed that the catalytic activities of 
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In2O3/MCM-41(MM) are lower than that of pure In2O3. For pure In2O3, the oxidation of 
H2 starts from 250°C, and 100% conversion is achieved at 375°C. However, the oxidation 
of H2 on In2O3(60%)/MCM-41(MM) starts also from 250°C, but 100% conversion is 
achieved only at 600°C. With decreasing amount of In2O3, the catalytic activity of 
In2O3/MCM-41 for oxidation of H2 also decreases.  



















Fig. 8.8a Conversion of H2 as a function of reaction temperature on (a) pure In2O3, (b) 
In2O3(35%)/MCM-41(MM), (c) In2O3(40%)/MCM-41(MM) and (d) In2O3(60%)/MCM-
41(MM). 
 
The catalytic behaviors of pure In2O3 and In2O3/MCM-41(MM) in CO oxidation are 
also studied and the results are shown in Fig. 8.8b. Compared with the reaction results of 
H2 oxidation, the catalytic activity of all In2O3/MCM-41(MM) catalysts for CO oxidation 
follows the same way: pure In2O3 has the highest catalytic ability, and the conversion of 
CO becomes lower with the decreasing amount of In2O3 in In2O3/MCM-41(MM), 
indicating that MCM-41 in In2O3/MCM-41(MM) would not contribute to the oxidation of 
H2 and CO. 
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Fig. 8.8b Conversion of CO as a function of reaction temperature on (a) pure In2O3, (b) 
In2O3(35%)/MCM-41(MM), (c) In2O3(40%)/MCM-41(MM) and (d) In2O3(60%)/MCM-
41(MM). 
 
When In2O3/MCM-41(CM) catalysts are used for the oxidation of H2 and CO, similar 
results are obtained, as shown in Fig. 8.9a and Fig. 8.9b. The conversions of H2 and CO 
on In2O3/MCM-41(CM) are lower than that on pure In2O3 catalyst, and the lower amount 
of In2O3 in In2O3/MCM-41(CM), the lower conversion of both H2 and CO. 
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Fig. 8.9a Conversion of H2 as a function of reaction temperature on (a) 
In2O3(40%)/MCM-41(CM), (b) In2O3(45%)/MCM-41(CM) and (c) In2O3(50%)/MCM-
41(CM). 
























Fig. 8.9b Conversion of CO as a function of reaction temperature on (a) 
In2O3(40%)/MCM-41(CM), (b) In2O3(45%)/MCM-41(CM) and (c) In2O3(50%)/MCM-
41(CM). 
 
The above catalytic results show that although the sensitivities of In2O3/MCM-41 
sensors have been improved by MCM-41 modification, however the catalytic abilities of 
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In2O3/MCM-41 do not have clear improvement by MCM-41. This result suggests that 
there is no obvious correlation between the sensitivity and catalytic ability of such 
composite material consisting of semiconductor oxide - mesoporous material. The reason 
may be due to the too high loading of In2O3, which would mask the active site on the 
interface of MCM-41 and In2O3. It has been known that only a very low amount of noble 
metal is needed as a catalyst, so further investigations would be carried out using noble 
metal to be grafted on mesoporous material to study the catalytic properties of metal oxide 
sensing system in the presence of mesoporous material. 
 
8.4 Conclusions 
An effective chemical mixing method has been found to improve the sensing 
properties of semiconductor oxide gas sensor modified by mesoporous materials. 
Although both mechanically-mixed and chemically-mixed In2O3/MCM-41 gas sensors 
improve sensitivities to reducing gases, the In2O3/MCM-41 sensors prepared by chemical 
mixing method have much higher sensitivities than pure In2O3 sensors or In2O3/MCM-41 
sensors prepared by mechanical mixing method. The highest sensitivity of In2O3/MCM-
41(CM) sensor to 1000 ppm of H2 can reach 3500, which is almost 40 times more 
sensitive than that of pure In2O3 sensor. Catalytic studies of H2 and CO oxidation on 
In2O3/MCM-41 indicate that there is some but not so clear correlation between the 
catalytic performance and sensitivity, which may be due to the excessive loading amount 
of In2O3. 
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Chapter 9. Highly sensitive and selective SnO2 gas 







SnO2/Rh gas sensors have been prepared by wet impregnation method using RhCl3 
and hydridocarbonyltris ((triphenylphosphine)-rhodium (I) (HRh(CO)(PPh3)3) as the Rh 
precursors. RhCl3 does not improve sensing properties of SnO2 sensor. However the SnO2 
sensor doped with HRh(CO)(PPh3)3  shows a significant improvement in sensitivities to 
either H2 or C3H8 but almost no improvement in sensitivity to CO; therefore, the 
selectivities of H2 or C3H8 to CO are then greatly enhanced. Moreover, Rh/SBA-15 
catalyst was prepared by grafting HRh(CO)(PPh3)3 as Rh precursor to the surface of 
modified SBA-15 and the synthesized  Rh/SBA-15 catalyst was then mixed with SnO2. It 
is observed that the composite sensors made from the mixture of SnO2 with Rh/SBA-15 
show higher sensitivities and selectivities compared to SnO2 doped with only pure Rh 
precursor. These results suggest that HRh(CO)(PPh3)3 can be applied as a catalytic dopant 
for highly-sensitive and selective gas sensors, and the sensing properties can be improved 
further using SBA-15. 
 
9.1 Introduction 
Semiconductor metal oxides are widely applied as sensitive element in gas sensors and 
commercial devices have been available for a long time [1, 2]. Such devices are able to 
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detect low concentration of flammable or toxic gases at a ppm level. Among different 
methods to improve sensing properties, addition of small amounts of noble metal has been 
shown to have great potential to improve the detection of various gases [3-6]. Besides 
enhancing the sensitivities of metal oxide gas sensors and fastening the response time, the 
noble metal could also improve the cross sensitivities between gases such as CO, H2, 
hydrocarbons and NOx [3].  
Two mechanisms are normally considered for the sensing process associated with the 
modified noble metal: chemical and electrical mechanism [7, 8]. In the chemical 
mechanism, the action of the noble metal additive is to improve the gas-semiconductor 
reaction by a catalytic effect on the metal clusters. These metal clusters dissociate nearly 
all the gas molecules, spilling the products over the semiconductor surface, speeding up 
the reaction, improving the sensitivity of the sensor, and lowering the operating 
temperature. In the electrical mechanism, there is no mass transfer between the metal 
cluster and the semiconductor oxide. Instead, the chemical state of the metal clusters 
changes on contact with the gas, inducing the corresponding change in the electronic state 
of the underlying semiconductor oxide. 
In spite of numerous papers reporting on the benefits in sensor performances due to 
the presence of noble metal, and the widely extended use of catalytic additives to improve 
the characteristics of solid state gas sensors in both commercial and research fields, few 
researches have been focused on rhodium since doping RhCl3 can not improve the sensing 
properties of semiconductor oxide gas sensors [8]. In this study, a new rhodium precursor, 
hydridocarbonyltris ((triphenylphosphine)-rhodium (I) (RhH(CO)(PPh3)3), which has been 
widely applied as a catalyst in hydroformylation reaction [9, 10], was chosen as the metal 
catalyst to be doped into SnO2, and such SnO2/Rh sensors show a very high sensitivities.  
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Furthermore, since the catalytic role of the metal additive is usually associated with 
the distribution of additive nanoparticles through the whole sensing material surface, 
metal additives are normally introduced with a large dispersion of small particles through 
the whole base material surface [11-13]. Based on this idea, the sensitivities were found to 
be promoted by mixing the gas sensor with alumina supported Pt or Pd [14, 15]. In this 
work, the rhodium precursor is dispersed on SBA-15, which possesses highly-ordered 
mesopores and high specific surface area, and this Rh/SBA-15 hybrid catalyst is then 
mixed with SnO2 to improve the sensing properties of such ternary SnO2/Rh/SBA-15 
sensor system.  
 
9.2 Experimental 
Hydridocarbonyltris ((triphenylphosphine)-rhodium(I)) (HRh(COPPh3)3, 98%) was 
supplied by Strem. Rhodium precursor (HRh(CO)(PPh3)3) was mixed with SnO2 (Aldrich) 
by wet impregnation method as follows. A required amount of RhH(CO)(PPh3)3 was 
dissolved in 10 ml of toluene before 1 g of SnO2 powder was added into the solution and 
stirring was continued for 4 hours. The temperature was then raised to 80°C to remove 
toluene, followed by calcining the sample at 700°C in air for 4 hours with a heating rate of 
10°C/min. These samples are referred to as SnO2/Rh-A (X), where X stands for mass ratio 
of Rh. For comparison, SnO2 doped with RhCl3 was prepared following the same method, 
and these samples are referred to as SnO2/Rh-B(X). 
The synthesis of SBA-15 follows the literature procedure [16]. Rhodium supported on 
SBA-15 was synthesized as follows [10]. The synthesized SBA-15 was subjected to 
dehydration at 200°C prior to the following experiments. Donor ligand-functionalized 
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SBA-15 was prepared by reacting 2.0 g of SBA-15 with 150 ml of toluene solution 
containing 10 ml of organosilane (H2N(CH2)3Si(OEt)3, 99%, Aldrich) under N2 reflux for 
16 hours. The resulting solid was filtered off, washed with chloroform (200 ml) and dried 
in vacuum. Tethered catalyst precursors were prepared by stirring 1 g of functionalized 
SBA-15 with 50 ml of toluene solution containing 0.18 g of RhH(CO)(PPh3)3 at 70°C 
under N2 for 16 hours. The solid turned into green color and then became almost colorless 
at the end of reaction, showing the tethering of RhH(CO)(PPh3)3 to the support via 
complexation with the supported functional group. Afterward liquid was drawn off with a 
syringe under N2, and the remaining solid was washed three times with toluene under N2 
followed by drying in vacuum. The rhodium content in Rh/SBA-15 catalyst was 1.5 wt% 
measured by ICP. 
SnO2/Rh-SBA samples were prepared by mixing Rh/SBA-15 with pure SnO2, and 
these samples are referred to as SnO2/Rh-SBA(X), where X stands for the mass ratio of 
Rh/SBA-15.  
TPR was used to characterize the chemical state of rhodium. 1000 ppm of H2, C3H8 
and CO gases were used as the probing gases for sensing tests. 
 
9.3 Results and Discussion 
9.3.1 Effect of rhodium precursor 
Fig. 9.1 shows the dependence of sensor’s resistance with the operating temperature 
for Rh-modified SnO2 sensors. The resistance of pure SnO2 sensor is also included in this 
figure for reference. The results show that the presence of rhodium generates a 
considerable increase of resistance, which can be as large as several orders of magnitudes. 
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The results are similar with what have been reported that the addition of noble metal such 
as platinum or palladium to SnO2 leads to an increase in sensor’s resistance [17, 18], and 
the reason could be attributed to the fact that additives would modify the microstructure of 
the base sensor material, control the grain growth mechanism, and produces a higher grain 
barrier for maintaining the charge neutrality. Therefore, the resistance value is increased 
[19, 20]. 




















Fig. 9.1 Resistance of sensors under different working temperatures (All sensors have 
been calcined under 700°C for 4 hrs). 
 
Table 9.1 summarizes the sensitivities of pure SnO2 and SnO2/Rh-B to different gases. 
It can be found that when RhCl3 was doped into SnO2, the sensors could not show any 
improved sensitivities, similar to previous literature report [8]. 
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Table 9.1 Sensitivities of SnO2 and SnO2/Rh-B gas sensors to 1000 ppm of gases  
 H2 C3H8 CO 
SnO2 37 25 21 
SnO2/Rh-B(0.2%) 26 1.6 2.5 
SnO2/Rh-B(1%) 24 1.7 4 
 
However, after SnO2 has been doped with HRh(CO)(PPh3)3, the sensitivities have 
been greatly improved. Fig. 9.2 shows the resistance and sensitivity of SnO2/Rh-A(0.4%) 
sensor to 1000 ppm of H2 as a function of measuring temperature. The resistance of this 
sensor in air keeps on decreasing when the sensing temperature increases from 250°C to 
500°C since the number of carriers in the semiconductor oxide increase through heating 
[21]. However, the resistance of this sensor in H2 shows a different trend: the resistance of 
this sensor increases from 250°C to 350°C and begins to drop from 350°C to 500°C. 
Although the number of carriers in SnO2 increases from 250°C to 350°C, the resistance of 
the sensor still increases from 250°C to 350°C, suggesting that the reaction at lower 
temperature has been enhanced by rhodium and more carriers have been generated at 
lower temperature. The sensor displays a great enhancement of sensitivity to H2, 
especially at 250°C, where the sensitivity reaches above 1000, which is almost 30 times 
higher than that of pure SnO2 sensor, which has a maximum sensitivity only around 37 
[22]. It is also worthy to note that the sensing temperature for maximum H2 sensitivity of 
SnO2/Rh-A(0.4%) sensor appears at 250°C, which is lower than that of pure SnO2 sensor 
as shown in previous chapter. 
Chapter 9. Highly sensitive and selective SnO2 gas sensors doped with hydridocarbonyl 
tris(triphenylphosphine)-rhodium (I) 
178 





 resistance in air

















 sensitivity to 1000 ppm of H2
Sensitivity
 
Fig. 9.2 Resistance and sensitivity of SnO2/Rh-A(0.4%) gas sensor to 1000 ppm of H2 as a 
function of temperature. 
 
Fig. 9.3a shows the effect of Rh amount on the sensitivity of SnO2/Rh-A to 1000 ppm 
of H2 at 250°C. It can be seen that there is an optimum amount of Rh, i.e., when the 
content of Rh is 0.4%, the sensitivity reaches the maximum value since it is believed that 
superfluous concentration of the additives would sharply increase the density of surface 
states which may lead (according to theoretical estimation) to the stabilization of surface 
Fermi level position and therefore, a decrease in gas response [1, 8, 24]. Sensitivities to 
1000 ppm of propane (C3H8) and 1000 ppm of carbon monoxide (CO) are also shown in 
Fig. 9.3a. It can be seen that the sensitivity of SnO2/Rh-A to 1000 ppm of C3H8 has also 
been increased to 200. However, the sensitivity of SnO2/Rh-A to CO is not improved; in 
fact, it is even worse than that of pure SnO2 sensor.  
Chapter 9. Highly sensitive and selective SnO2 gas sensors doped with hydridocarbonyl 
tris(triphenylphosphine)-rhodium (I) 
179 




 1000 ppm of H2
 1000 ppm of C3H8








Content of Rh (weight %)
 
Fig. 9.3a Effect of Rh amount in SnO2/Rh-A on sensitivity to 1000 ppm of gases (H2, 
C3H8 and CO) at 250°C. 
 
Following previous study [22], the selectivity of a gas sensor to a particular gas among 
the mixture of gases is quantitatively defined as SELi = (Si/∑Si) × 100%, where Si is the 
sensitivity of a sensor to a gas i and ΣSi represents the sum of sensitivities of a sensor to 
different target gases at similar concentration. Based on this definition, the effect of Rh 
content on the selectivity of SnO2/Rh-A sensors to 1000 ppm of H2 at 250°C is shown in 
Fig. 9.3b. It can be clearly seen that SnO2/Rh-A sensors show very high selectivity to H2. 
The highest H2 sensitivity of about 89% is obtained on the SnO2/Rh(0.1%) sensor. These 
results show the potential of HRh(CO)(PPh3)3 to be used as the dopant of a highly 
sensitive and selective H2 sensor. Although the selectivity of C3H8 is lower than that of H2, 
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however, the selectivity of C3H8 is still much higher than that of CO, indicating a high 
selectivity of C3H8 in the mixture of C3H8 with CO. 
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Fig. 9.3b Effect of Rh amount in SnO2/Rh-A on selectivity to 1000 ppm of gases (H2, 
C3H8 and CO) at 250°C. 
 
Noble metals such as Pt or Pd have shown great abilities to improve the sensing 
properties of semiconductor oxide gas sensor as it was demonstrated that the nature of 
reducing gas at low temperature may be associated with the partial reduction of noble 
metal clusters (PdOx, PtOx), leading to the decrease in electronic barriers at the tin dioxide 
grain boundaries [8, 19, 25]. At higher temperature, reduction can not take place due to the 
higher oxygen mobility on the surface of tin oxide, resulting in the oxidation of the 
respective clusters. However, when RhCl3 was doped into SnO2, the standard heat of 
formation of Rh2O3 is much higher than those of Pt and Pd oxides [8], leading to higher 
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oxygen affinity of respective rhodium clusters, which explains the low electrical response 
of SnO2 doped with RhCl3.  
In order to characterize the chemical state of rhodium in SnO2/Rh-A, temperature 
programmed reduction (TPR) has been applied to study the redox character of rhodium. 
Fig. 9.4 shows the H2-TPR profiles of different types of rhodium precursors supported on 
SnO2. Since there is no TPR peak observed for pure SnO2 from room temperature to 
400°C, therefore all the peaks appearing on the TPR spectra should be attributed to the 
reduction of rhodium. Calcined RhCl3 supported on SnO2 has a peak around 130°C and a 
shoulder at 160°C, which corresponds to the reduction of rhodium from Rh3+ to Rh0 [23]. 
However, there are two separate reduction peaks observed on the calcined 
HRh(CO)(PPh3)3 supported on SnO2: one is around 80°C and the other one around 250°C. 
This result suggests that the reduction of Rh follows two steps: first from Rh3+ to Rh1+, 
and then from Rh1+ to Rh0. Furthermore, there is a shift of the second TPR peak to higher 
temperature, indicating that Rh+1 could be stabilized to some extent on SnO2. The partial 
reduction of rhodium is suggested to be attributed to the existence of phosphorus in 
calcined HRh(CO)(PPh3)3 since the XPS result (Fig. 9.5) shows that even after calcination, 
part of phosphorus can still be preserved, with the Rh:P atomic ratio about 3:1.  
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Fig. 9.4 TPR profiles of (a) SnO2, (b) Calcined SnO2/Rh-B(0.4%) and (c) Calcined 
SnO2/Rh-A(0.4%). 













Fig. 9.5 XPS spectrum of calcined HRh(CO)(PPh3)3. 
 
Based on the TPR results, it can be proposed that the ofH∆ /per mole of O in the 
calcined HRh(CO)(PPh3)3 is lower than that in the calcined RhCl3; hence Rh3+ could be 
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partial reduced to Rh1+, leading to the decrease in the electronic barriers at the tin oxide 
grain boundaries, which is similar to the situation of Pd or Pt system. 
The low response of SnO2/Rh-A sensor in sensing CO can be ascribed to the 
adsorption of CO by rhodium. A lot of work has shown that CO could be adsorbed on the 
surface of rhodium [26, 27]. Fig. 9.6 shows the FTIR spectra of CO adsorbed on calcined 
SnO2/Rh-A. After 0.5% CO was introduced into SnO2/Rh-A, two peaks at 2100cm-1 and 
2170cm-1 appear due to the formation of Rh-CO [26]. The formation of Rh-CO has been 
observed by Williams et al [27], who studied the reduction kinetic of rhodium oxide by 
hydrogen and carbon monoxide. Unlike the reduction by H2, CO-induced oxide reduction 
was found to be substantially slower than H2-induced oxide reduction at similar pressures 
and temperatures. The reason was attributed to the formation of Rh-CO as shown by 
surface-enhanced Raman spectroscopy. These results suggest that the formation of Rh-CO 
restricts Rh to participate in the decrease of electronic barriers of SnO2, leading to the low 
electrical response.  
















Fig. 9.6 FTIR spectra of (a) SnO2/Rh-A(1.0%) and (b) CO (0.5%vol in He) adsorbed on 
SnO2/Rh-A(1.0%) at room temperature. 
 
9.3.2 Effect of SBA-15 as catalyst support 
Fig. 9.7 shows the small-angle XRD patterns of pure SBA-15 and Rh/SBA-15. It can 
be seen that similar XRD peaks are observed for pure SBA-15 and Rh/SBA-15, with three 
diffraction peaks indexed to the (100), (110), and (200) reflections of a two-dimensional 
hexagonal mesostructure for space group P6mm. These XRD patterns match well with the 
pattern reported for SBA-15 [16], suggesting that after surface modification and 
incorporation of Rh, the long-range order of SBA-15 mesopore is well retained. 
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Fig. 9.7 Small-angle XRD patterns of (a) pure SBA-15 and (b) Rh/SBA-15. 
 
Fig. 9.8 presents the N2 adsorption-desorption isotherms of SBA-15 and Rh/SBA-15. 
The sample shows type IV isotherms with a H1 hysteresis loop, which is typical for 
mesoporous materials with two-dimensional hexagonal structures [28]. Compared with 
pure SBA-15, the pore size and pore volume of Rh/SBA-15 have been decreased to 80 Å 
and 0.89 cm3/g from 85 Å and 1.1 cm3/g, respectively. At the same time, the BET surface 
area of Rh/SBA-15 has also been reduced from 853 m2/g to 582 m2/g, suggesting that 
some mesopores of SBA-15 have been blocked by Rh catalyst [29].  
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Fig. 9.8 N2 adsorption-desorption isotherms and pore size distribution of (a) SBA-15 and 
(b) Rh/SBA-15. 
 
TEM images shown in Fig. 9.9 are used for further structural characterization. After 
rhodium precursor has been introduced, Rh/SBA-15 sample also shows large, ordered 
domains with ordered, strip-like channels, which are in the characteristic [001] direction 
of the one-dimensional channels templated by the block copolymer Pluronic P123 [16]. 
This TEM result clearly shows that the ordered mesostructure of the monoliths of SBA-15 
is well-preserved in Rh/SBA-15. The EDX result shows that the content of Rh in 
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Fig. 9.9 TEM images of (a) pure SBA-15, (b) Rh/SBA-15 and (c) EDX spectrum of 
Rh/SBA-15. 
 
Fig. 9.10 shows the sensitivities of SnO2/Rh-SBA(20%) sensor to 1000 ppm of H2 and 
to 1000 ppm of C3H8 as a function of measuring temperature. The SnO2/Rh-SBA(20%) 
sensor displays greater enhancement of sensitivities, especially at 250°C, where its 
sensitivities reach 2000 for 1000 ppm of H2 and 250 for 1000 ppm of C3H8, respectively. 
It is worthwhile to note that the optimum temperature for the maximum sensitivities of 
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Fig. 9.10 Sensitivities of SnO2/Rh-SBA(20%) sensor to 1000 ppm of H2 and 1000 ppm of 
C3H8 as a function of temperature. 
 
Fig. 9.11a shows the effect of Rh content in SnO2/Rh-SBA on the sensitivity to 1000 
ppm of H2 at 250°C. The sensitivity increases with the increasing amount of Rh. However, 
the resistance would be too high to be measured when the amount of Rh/SBA-15 exceeds 
40%. When the Rh content is 0.6% (40% Rh/SBA-15), sensitivity to H2 is increased to 
5000, which is more than 100 times higher than that of pure SnO2 sensor. For comparison 
purpose, the sensitivities by SnO2/Rh-A sensor are also shown in Fig. 9.11a. It can be 
clearly seen from Fig. 9.11a that when the content of Rh is the same, SnO2/Rh-SBA shows 
much higher sensitivity than SnO2/Rh-A, indicating that SBA-15 is able to improve the 
sensing properties. Fig. 9.11b shows that similar results are obtained when C3H8 is sensed. 
The highest sensitivity of SnO2/Rh-SBA(40%) to 1000 ppm of C3H8 can reach 1000 at 
250°C. However, when CO was used as the probing gas, there is no increase in the 
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sensitivity of SnO2/Rh-SBA to CO, which is similar to the sensitivity result observed for 
the SnO2/Rh-A sensor. This result suggests that CO has almost no influence in sensing H2 
or C3H8, and the selectivities of H2 and C3H8 to CO have been improved more compared 
with those of SnO2/Rh-A sensors. 
















Content of Rh (weight %)
 
Fig. 9.11a Effect of rhodium content on the sensitivities of SnO2/Rh-A and SnO2/Rh-SBA 
sensors to 1000 ppm of H2. 


























Fig. 9.11b Effect of rhodium content on the sensitivities of SnO2/Rh-SBA sensor to 1000 
ppm of C3H8 and to 1000 ppm of CO. 
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The improved sensing properties by SBA-15 are suggested to be attributed to the 
following two factors: 
Firstly, it has been widely accepted that the sensing properties of semiconductor metal 
oxide gas sensor are derived from the surface reaction between target gas molecules and 
surface active sites [22]. In order to understand about the catalytic behavior of SnO2/Rh-A 
and SnO2/Rh-SBA sensors prepared in this study, the oxidation reaction of H2 over 
SnO2/Rh-A and SnO2/Rh-SBA sensor materials were carried out in a conventional fixed 
bed reactor. 100 mg of powder sample was pressed and ground to granules of 40-60 mesh 
and mounted into a quartz tube reactor with quartz wool being placed in the middle of the 
reactor to support the catalyst. The reactor was operated at normal pressure in the 
temperature range of 50 - 450°C with a feed gas (flowing at 100 ml/min) consisting of 5% 
O2 and 1% H2 in helium. Based on the reaction data of H2 conversion at various reaction 
temperatures, the temperature T50%, at which the conversion attained 50%, was evaluated 
as a measure of the catalytic activity of each sensor material. 
Fig. 9.12 presents the conversion of H2 as a function of reaction temperature for pure 
SnO2, SnO2/Rh-A and SnO2/Rh-SBA catalysts. The reaction results show that the catalytic 
activity of SnO2/Rh-A is higher than that of pure SnO2. For pure SnO2, the oxidation of H2 
starts from 250°C, with 50% and 100% conversion achieved at 320°C and 375°C, 
respectively. After HRh(CO)(PPh3)3 has been introduced into SnO2, the catalytic 
properties of SnO2/Rh-A have been greatly improved. T50% is shifted lower to 220°C for 
SnO2/Rh-A(0.15%) catalyst. Moreover, after Rh has been supported on SBA-15, the 
catalytic ability is enhanced even further, with T50% as low as 180°C [30]. The result of 
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this catalytic study shows that Rh/SBA-15 has higher catalytic activity, which leads to a 
higher sensitivity. 






















Fig. 9.12 Conversion of H2 as a function of reaction temperature on: (a) SnO2, (b) 
SnO2/Rh-A(0.15%) and (c) SnO2/Rh-SBA(10%) catalysts. 
 
Secondly, previous study has shown that when SnO2 was mixed with mesoporous 
materials, the sensitivity has been greatly enhanced because of the increased amount of 
adsorbed surface oxygen. 
  
9.4 Conclusions 
A new rhodium precursor, hydridocarbonyltris (triphenylphosphine)-rhodium (I) 
(HRh(CO)(PPh3)3), has been successfully doped into the SnO2 sensor material, and the 
Rh-doped SnO2 sensors show a great improvement in their sensitivities to H2 and C3H8. 
When the doping amount of Rh is 0.4%, the sensitivities to 1000 ppm of H2 and to 1000 
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ppm of C3H8 can reach 1000 and 200, respectively. TPR results show that the reduction of 
rhodium happens in two steps: 013 RhRhRh →→ ++ , and this partial reduction of rhodium 
has been attributed to high sensitivities of Rh-doped SnO2 sensors. However, these Rh-
doped SnO2 sensors do not show any improvement in sensing CO, suggesting that it can 
be applied as a high-selective gas sensor either for H2 or C3H8 with respect to CO. The 
low sensing response of Rh-doped SnO2 to CO is attributed to the adsorption of CO by 
rhodium. 
After HRh(CO)(PPh3)3 has been grafted on SBA-15 to form Rh/SBA-15, SnO2/Rh-
SBA, which is a mixture of SnO2 with Rh/SBA-15, shows much higher improvement of 
sensitivities toward H2 and C3H8 than SnO2/Rh-A sensor, which is the SnO2 sensor doped 
with pure HRh(CO)(PPh3)3. Based on the result from previous chapters and catalysis 
results carried out in this chapter, SBA-15 has been consistently shown to play two major 
roles in improving the sensing properties of SnO2 sensor. Firstly, SBA-15 improves the 
catalytic activity of Rh and thus is helpful to increase the sensitivity of SnO2. Secondly, 
SBA-15 increases the amount of surface adsorbed oxygen species induced by the 
interaction between SnO2 and SBA-15. 
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In this thesis, the sensing properties of semiconductor oxide gas sensors modified by 
mesoporous materials have been investigated. The results show that, in the presence of 
mesoporous material, the sensitivity of semiconductor metal oxide gas sensor to reducing 
gases can be improved tremendously. Characterization of these composite gas sensor 
materials has also been carried out. Based on the study, the following conclusions can be 
made: 
1. An effective mixing method has been found to improve the sensing properties of 
semiconductor oxide gas sensor modified by mesoporous material. A high loading of 
nanocrystal SnO2 supported on SBA-15, which is a mesoporous silica material, has 
been successfully prepared by a simple chemical mixing method. The XRD and N2 
adsorption-desorption isotherm results show that the mesoporous structure of SBA-15 
is well maintained after incorporation with SnO2. Gas sensors prepared from these 
SnO2/SBA-15 composites show remarkably-enhanced sensitivities to reducing gases 
compared to pure SnO2 gas sensor. The highest sensitivity of SnO2(40%)/SBA-15 
composite gas sensor to 1000 ppm of H2 can reach 1400, which is almost 40 times 
more sensitive than that of pure SnO2 sensor. Moderate enhancement of CO sensitivity 
has also been achieved on SnO2/SBA-15. Moreover, the optimum sensing 
temperatures for both H2 and CO shift to lower region. O2-TPD and TPR profiles 
prove that the amount of surface adsorbed oxygen species in SnO2/SBA-15 is 
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increased compared with that of pure SnO2 due to the interaction of SnO2 with SBA-
15, and the increased amount of surface adsorbed oxygen species is found to play a 
major role in enhancing the sensitivities of such a composite gas sensor. 
 
2. SnO2 has been successfully grown on the mesoporous SBA-15 supports by chemical 
vapour deposition (CVD) using tetra-methyl tin (Sn(CH3)4) as the tin precursor. The 
XRD and N2 isotherm results show that the mesoporous structure of SBA-15 is well 
retained during the CVD process. The O2-TPD results reveal that the amount of 
adsorbed oxygen species on the surface of SnO2/SBA-15 composites gas sensors has 
been substantially increased. The synthesized SnO2/SBA-15 composites have been 
successfully used as gas sensors for H2 and CO. The maximum sensitivity of 
SnO2/SBA-15(90-350) to 1000 ppm of H2 and to 1000 ppm of CO has been improved 
to 1050 and 130, respectively. However, the SnO2/SBA-15 composite sensor prepared 
at higher CVD temperature has a lower improvement of sensitivity to H2 and CO. The 
increase of the sensitivity of SnO2/SBA-15 composite sensor can be attributed to the 
increase of the amount of adsorbed oxygen species and to the effect of nanosized SnO2 
particles embedded on the mesoporous SBA-15 support. From the above results, it 
could be clearly seen that synthesis of semiconductor oxide on mesoporous silica 
material, which is used as the sensor support, is an effective way to prepare 
semiconductor oxide gas sensor possessing high sensitivities. Since chemical mixing 
method is a simpler one than CVD method, it has been subsequently applied in the 
following studies.  
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3. SiO2 with different morphologies have been used as a variety of sensor supports to 
prepare SnO2/silica composites using chemical mixing method. The morphology of 
these silica supports is found to influence the sensing properties of composite sensors. 
The silica support having higher surface area can adsorb more surface oxygen species, 
leading to higher sensitivity of the resulting composite sensor. Therefore, SnO2/MCM-
41 composite sensor is found to possess the highest sensitivity to H2 due to the largest 
surface area of MCM-41. The maximum sensitivities of different composite gas 
sensors are also found to be closely related to the amount of surface adsorbed oxygen, 
suggesting that the surface adsorbed oxygen plays a very important role in influencing 
the sensing properties of such composite gas sensors. Moreover, comparing the 
sensing properties of SnO2 supported on different silica supports, the particle size of 
silica support is found to be an important factor to influence the optimum loading of 
SnO2 with the silica support to reach the maximum sensitivities of these SnO2/silica 
composite sensors. 
 
4. When γ-Al2O3 and α-Al2O3 are used as the additives to mix with SnO2 by chemical 
mixing method, the sensitivities of SnO2/Al2O3 composite gas sensors to H2 and CO 
have been enhanced compared with those of pure SnO2 gas sensor. O2-TPD results 
show that the amount of adsorbed surface oxygen species is increased in SnO2/Al2O3 
composites due to the interaction between SnO2 and Al2O3. The increase of the 
amount of surface adsorbed oxygen results in the improvement of sensitivity as well as 
the shift of optimum temperature to lower temperature. The improvement of the 
sensitivity of SnO2/γ-Al2O3 composite sensors is higher than that of SnO2/α-Al2O3 
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composite sensors because of the higher surface area of γ-Al2O3. Furthermore, the 
morphology of additives also determines the optimum amount of SnO2 in the 
composite sensors. Less SnO2 is needed to reach the maximum sensitivity in SnO2/α-
Al2O3 than that in SnO2/γ-Al2O3 due to the bigger particle size of α-Al2O3. 
 
5. MCM-41 modified In2O3 gas sensors have been successfully prepared by 
mechanically or chemically mixing In2O3 with MCM-41. Although both 
mechanically-mixed and chemically-mixed In2O3/MCM-41 gas sensors improve the 
sensitivities to reducing gases, the In2O3/MCM-41(CM) sensors prepared by chemical 
mixing method have much higher sensitivities than pure In2O3 sensors or In2O3/MCM-
41(MM) sensors prepared by mechanical mixing method. The highest sensitivity of 
In2O3/MCM-41(CM) to 1000 ppm of H2 can reach 3500, which is almost 40 times 
more sensitive than that of pure In2O3 sensor. The results prove that chemical mixing 
is also effective for other kind of semiconductor oxide to improve sensitivity. Catalytic 
studies of H2 and CO oxidation on In2O3/MCM-41 indicate that there is some but not 
so clear correlation between the catalytic activity and sensitivity, possibly due to the 
overloading of In2O3. 
 
6. A new rhodium precursor, hydridocarbonyltris ((triphenylphosphine)-rhodium (I) 
(HRh(CO)(PPh3)3), has been successfully doped into SnO2 material. The Rh-doped 
sensors show a great improvement of sensitivities to H2 and C3H8. When the Rh 
amount is 0.4%, the sensitivities to 1000 ppm of H2 and 1000 ppm of C3H8 reach 1000 
and 200, respectively. TPR results show that the reduction of rhodium happens in two 
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steps: 013 RhRhRh →→ ++ , and this partial reduction of rhodium is attributed to the 
high sensitivities of Rh-doped SnO2 sensors. However, Rh-doped SnO2 sensors do not 
show any improvement on CO sensitivity, suggesting that they can be applied as high-
selective gas sensors. The low response of this Rh-doped sensor to CO may be due to 
the adsorption of CO by rhodium. After HRh(CO)(PPh3)3 has been grafted on SBA-15 
to form Rh/SBA-15, SnO2 was mixed with Rh/SBA-15 to from SnO2/Rh/SBA-15 
ternary composite gas sensor, which shows much higher improvement of sensitivities 
to H2 and C3H8 than the SnO2 sensor doped only with pure HRh(CO)(PPh3)3. These 
results show that SBA-plays two important roles in improving sensing properties. 
Firstly, SBA-15 improves the catalytic activity of Rh after Rh has been supported on 
SBA-15, and this improved catalytic activity is helpful to increase sensitivity. 
Secondly, SBA-15 increases the amount of surface adsorbed oxygen species induced 
by the interaction between SnO2 and SBA-15. 
 
 
To our knowledge, few works have been reported about the applications of composites 
of mesoporous materials with semiconductor metal oxide for gas sensing. Our studies 
have shown that the sensitivities of semiconductor metal oxide gas sensor could be 
improved enormously just by chemically mixing mesoporous materials with 
semiconductor oxide, and the increase of the amount of surface adsorbed oxygen species 
plays an important role in increasing the sensitivity of such composite gas sensing system. 
This finding provides an easy and effective way to fabricate semiconductor oxide gas 
sensor with superior gas sensitivity. Furthermore, the finding of surface-adsorbed-oxygen 
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enhancing mechanism can help us to understand better the sensing mechanism of 





Although this work has made considerable progresses in improving gas sensitivity of 
semiconductor oxide gas sensors with the help of mesoporous silica material, there are 
some aspects that still need to be investigated and may be considered in future research. 
(1) The work here in mainly focused on SnO2 and only a little on other kind of 
semiconductor oxide (In2O3). In the future, other kinds of semiconductor oxide 
should be synthesized using mesoporous materials as the sensor support by 
chemical mixing method to check the validity of this method. 
(2) Selectivity is another important property of gas sensor. In Chapter 9 the 
combination of noble metal and mesoporous material can improve the sensitivity 
as well as the selectivity. Future study could graft catalyst inside the pores of 
mesoporous materials so that the catalytic reaction of one gas could take place 
inside the pore which will not affect the electrical properties of the sensing 
material, and it is believed that this new catalyst would be able to increase the 
selectivity of gas sensor. 
(3) High surface area of mesoporous materials has been proven to be very important in 
sensing, but the role of pore is still not clear. The preliminary result in Chapter 6 
shows that small pore of mesoporous support may be not good for increasing the 
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sensitivity of big molecule. However, this assumption should be confirmed in 
further study. Mesoporous and macroporous materials with different pore size 
could be prepared as the support of semiconductor oxide gas sensor to verify the 
role of pore size of the support in gas sensing process. 
(4) Besides mesoporous silica materials, other kinds of mesoporous materials, such as 
mesoporous carbon or mesoporous alumina, have got more and more attentions. 
Chemically mixing metal oxide with these mesoporous materials may obtain a gas 
sensor having interesting sensing properties.  
 
 
